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TYPICAL EXAMS FOR A ONE SEMESTER COURSE 
(scheduled in the evening to avoid time constraints on students) 


Exam No. 1 

(Open Book, I 1/2 hours) 


PROBLEM 1 (5%) 

Hydrogen can be separated from natural gas by diffusion through a round tube. The rate 
of separation is given by 

N = 2 n Dp R 

where 

N = rate of transport of H2 from the tube, g mo)es/(sec)(cm of length of tube) 
D “ diffusion coefficient 
p =* molar density of H 2 , g moles/cm 3 

R - log mean radius of tube, r 2 -ri/1 n , with r in cm. 

What are the units of D? 

PROBLEM 2 (10%) 

A pallet of boxes weighing 10 tons is dropped from a lift truck from a height of 10 feet. 
The maximum velocity the pallet attains before hitting the ground is 6 ft/sec, How much 
kinetic energy does the pallet have in (ft)(lbf> at this velocity? 

PROBLEM 3 (5%) 

The specific gravity of a fuel oil is 0,82. What is the density of the oil in Ib/ft 3 ? Show all 
units. 

PROBLEM 4 (10%) 

Sulfur trioxide (SO3) can be absorbed in sulfuric acid solution to form more concentrated 
sulfuric acid. If the gas to be absorbed contains 55% SO3,41 % 3% SO2, and 1% 02, 

how many parts per million of O2 are there in the gas? (b) What is the composition of the 
gas on a N2 free basis? 


PROBLEM 5 (15%) 

You have 100 kilograms of gas of the following composition; 


CH4 30% 

H 2 10% 

N 2 60% 

What is the average molecular weight of this gas? 

PROBLEM 6 (15%) 

If the heat capacity of a substance is 5.32 J/(g)(°C) and its molecular weight is 37.4, what 
is its heat capacity in 

(a) J/(g)(°F) 

(b) J/(lb)(°R) 

(c) J/(gmol)(K) 

PROBLEM 7 (20%) 

A rock containing 100% BaS04 is burned with coke (94%C, 6% ash) and the 
composition of the product is BaS04 (11.1%) BaS (72.9%), C(13.9%, ash (2.2%). The 
reaction is 

BaS0 4 + 4C —> BaS + 4CO 

Calculate the percent excess reactant, and the degree of completion of the reaction. 
PROBLEM 8 (20%) 

A gas cylinder to which is attached an Bourden gage appears to be at a pressure of 27.38 
in, Hg at 70°F. the barometer needs 101.8 kPa. A student claims that the pressure in the 
tank is 1,3 psia, but another student points out that this is impossible - the pressure is 
really 28.2 psia. Can 1 3 psia be correct? Explain and show calculations to back up your 
explanation. 



PROBLEM 1 (25%) 


EXAM NO. 2 
(Open Book, 2 hours) 


A chemist attempts to prepare some very pure crystals of Na2SO4-10H2O by 
dissolving 200 g of Na2S04 (MolWt= 142.05) in 400 g of boiling water. He then 
carefully cools the solution slowly until some Na2S04*10H20 crystallizes out. Calculate 
the g of Na 2 SO 4 * 10 H 2 O recovered in the crystals per 100 g of initial solution, if the 
residual solution after the crystals are removed contains 28% Na 2 SC> 4 . 

Right answer but: - 1 0 if answer is in g of -10 if answer not 

Na2S04 and not g of per 100 g of initial 

N 32 SO 4 * 1QH 2 O soln 

PROBLEM 2 (25%) 

Water pollution in the Hudson River has claimed considerable recent attention, 
especially pollution from sewage outlets and industrial wastes. To determine accurately 
how much effluent enters the river is quite difficult because to catch and weigh the 
material is impossible, weirs are hard to construct, etc. One suggestion which had been 
offered is to add a trace Bi~ ion to a given sewage stream, let it mix well, and sample the 
sewage stream after it mixes well. 

On one test of the propsal you add ten pounds of NaBr per hour for 24 hours to a 
sewage stream with essentially no Br~ in it. Somewhat downstream of the introduction 
point a sampling of the sewage stream shows 0.012% NaBr. The sewage density is 60.3 
lb/ft 3 and river water density is 62.4 lb/ft 3 . 

What is the flow rate of the sewage in Ib/min? 

-! 0 if answer based on --15 if 24 hr basis 

0.012 fractin and not was used and then 

0 . 00012 . not converted back 

to per hour basis. 


PROBLEM 3 (25%) 

In preparing 5.00 moles of a mixture of three gases (SO 2 , H 2 S, and CS 2 ), gases 
from three tanks are combined into a fourth tank. The tanks have the following 
compositions (mole fractions): 


Gas 

Tank 1 

Tank2 

Tank3 

Tank 4 

S0 2 

0,10 

0.20 

0.25 

0.20 

h 2 s 

0.40 

0.20 

0.25 

0.26 

cs 2 

0.50 

0.60 

0.50 

0.54 


How much of Tanks l, 2, and 3 must be mixed to give a product with composition of 
Tank4? 

-10 for correct answer but wrong -15 A lot of people said no soln. 

basis They used wrong basis, etc. No 

soln but correct mat'l balance 


(continued) 




PROBLEM 4 (25%) 


10% a) For the given distillation process, calculate the composition of the bottoms 
stream. 

15% b) If steam leaked into the column at 1000 mole/sec and all else was 
constant, what would the new bottoms composition be? 

-5 (should be g-mole). if assumed to k-mole and not stated. 





Exam No. 3 

(Open Book Exam, 2 hours) 


PROBLEM 1 (35%) 

A company bums an intermediate product gas having the composition 4.3% CO 2 , 
27% CO, 10% H 2 , 1.0% CH 4 , and the residual N 2 together with a waste oil having the 
composition 87% C, 13% H 2 . Analysis of the stack gas gives an Orsat analysis of 14.6% 
CO 2 ,0.76% CO, and 7.65 O 2 and the rest N 2 . Calculate the fraction of the total carbon 
burned that comes from the product gas. 


PROBLEM 2 (35%) 


Benzene, toluene and other aromatic compounds can be recovered by solvent 
extraction with sulfur dioxide, As an example, a catalytic reformate stream containing 
70% by weight benzene and 30% non-benzene material is passed through the counter¬ 
current extractive recovery scheme shown in the diagram below. One thousand pounds 
of the reformate stream and 3000 pounds of sulfur dioxide are fed to the system per hour. 
The benzene product stream (the extract) contains 0.15 pound of sulfur dioxide per pound 
of benzene. The raffinate stream contains all the initially charged non-benzene material 
as well as 0.25 pound of benzene per pound of the non-benzene material. The remaining 
component in the raffinate stream is the sulfur dioxide. 

(a) How many pounds of benzene arc extracted per hour, i.e. are in the extract? 

(b) If 800 pounds of benzene containing in addition 0.25 pound of the non-benzene 
material per pound of benzene are flowing per hour at point A and 700 pounds of 
benzene containing 0.07 pound of the non-benzene material per pound of benzene are 
flowing at point B, how many pounds (exclusive of the sulfur dioxide) are flowing at 
points C and D? 


0.15 lb S0 2 
Extract bon*«QB plue ■ >■ ^ - 



SeJfur dioxide 10O0 lb/fcr 

3000 lb/hr catalytic reformat* 

____203L-B*-_ ..... 


(continued) 
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Reactant A is polymerized as shown in the figure. It is mixed with fresh catalyst 
and recycled catalyst. Conversion of A is 40% on one pass through the reactor. Fresh 
catalyst (G) enters at the rate of 0.40 lb G per lb of A in stream H. The separator removes 
90% of the catalyst and recycles it as well as recycling unreacted A. Nevertheless, the 
product stream P constraints 15% of the unreacted A and 10% of the catalyst exiting in 
stream K as well as the polymer product. Determine the ratio of stream R to G. 

Note: catalyst does not react in the process! 


Exam No. 4 

(Open Book, 2 hours) 

PROBLEM 1 (25%) 

fn the vapor-recompression evaporator (not insulated) shown in the figure below, 
the vapors produced on evaporation are compressed to a higher pressure and passed 
through the heating coil to provide the energy for evaporation. The steam entering the 
compressor is 98% quality at 10 psia, the steam leaving the compressor is at 50 psia and 
400°F, and 6 Btu of heat are lost from the compressor per pound of steam throughput 
The condensate leaving the heating coil is at 50 psia, 200«F. The replacement liquid is at 
the temperature of the liquid inside the evaporator. 

Computer 

(a) the work in Btu needed for compression per pound of H 2 0 going through the 
compressor. 

(b) the Btu of heat transferred from the heating coil to the liquid in the evaporator per 
pound of H 2 O through the coil. 


* + \ 


to 


CO'i~ 


9 — 




P 


COfi/Q£MAi%TK 




PROBLEM 2 (25%) 

An insulated, sealed tank that is 2 ft 3 in volume holds 8 lb of water at 100°F. A 
1/4 hp stirrer mixes the water for 1 hour. What is the fraction vapor at the end of the 
hour? Assume all the energy from the motor enters the tank. 

For this problem you do not have to get a numerical solution. Instead list the 
following in this order: 

1. State what the system you select is. 

2. Specify open or closed. 

3. Draw a picture. 

4. Put all the known or calculated data on the picture in the proper place. 

5. Write down the energy balance (use the symbols in the text) and simplify it as 
much as possible. List each assumption in so doing. 

6. Calculate W, 

7. Lists the equations with data introduced that you would use to solve the problem. 

8. Explain step by step how to solve the problem (but do not do so). 

PROBLEM 3 (15%) 

What is the enthalpy change in Btu when 1 pound mole of air is cooled from 
600°F to 100°F at atmospheric pressure. 

Compute your answer by two ways: 

1) Use the tables of the combustion gases 

2) Use the heat capacity equation for air. (continued) 


























PROBLEM 4 (10%) 

Answer the following questions by placing T fro true and F for false on your 
answer page. Grading: +2 if correct, 0 if blank, -1 if wrong. 


(a) Heat and thermal energy are synonymous terms used to express one type of 
energy. 

(b) You can find the enthalpy change at constant pressure of a Substance such as CO 2 
from the solid to the gaseous state by integrating 



from T| (solid temperature) to T 2 (gas temperature) for a 
constant pressure path. 


(c) The enthalpy change of a sbustance can never be negative. 

(d Heat and work are the only methods of energy transfer in a non-flow process, 
(e) Both Q and AH can be classed as state functions (variables) 


PROBLEM 5 (25%) 


Hot reaction products (assume they have the same properties as air) at 1000°F 
leave a reactor. In order to prevent further reaction, the process is designed to reduce the 
temperature of the products to 400°F by immediately spraying liquid water into the gas 
stream. 


400°F? 


How many lb of water at 70°F are required per 100 lb of products leaving at 


HzO ct 7o c f 


feacicr 


/iW yds 


lQQO 0 £ 




For this problem you do not have to get a numerical solution. Instead list the 
following in this order. 


1 . State what the system you select is. 

2. Specify open or closed. 

3. Draw a picture. 


- — -.. v* «,M.vuiuivu uBia uu me piviuit m me proper places. 

5. Write down the material and energy balances (use the symbols in the text) and 
simplify them as much as possible, list each assumption in so doing. 

6. Insert the known data into the simplified equation(s) you would use to solve the 
problem. 


Exam No. 5 
(Open Book, 2 hours) 


PROBLEM 1 (10%) 

Answer the following questions briefly (no more than 3 sentences); 

a. Does the addition of an inert dilutent to the reactants entering an exothermic 
process increase, decrease, or make no change in the heat transfer to or from the 
process? 

b. If the reaction in a process is incomplete, what is the effect on the value of the 
standard heat of reaction? Does it go up, down, or remain the same? 

c. How many properties are needed to fix the state of a gas so that all of the other 
properties can be determined? 

d. Consider the reaction H 2 (g) + i 02 (g) -> H 20 (g). 

Is the heat of reaction with the reactants entering and the products leaving at 500K 
higher, lower, or the same as the standard heat of reaction? 

PROBLEM 2 (10%) 

Explain how you would calculate the adiabatic reaction temperature for Problem 
5 below if the outlet temperature is not specified. List each step . (You can cite some of 
the steps listed in Problem 5 if you list them by number in Problem 5.) 

PROBLEM 3 (20%) 

A flue gas at 750°F and 1 atm of composition 14.0% CO 2 ,1.0% CO, 6.4% O 2 , 
and the balance No is the product of combustion with excess air at 750°F and 1 atm that 
is used to bum coke (C). 


(continued) 









8 ‘ E? ,he VOiUme in ft3 0fthe flUe gaS Ie3Ving the taace P« of carbon 

b. What is the volume of air in ft 3 entering the furnace per pound of C burned? 

PROBLEM 4 (20%) 

Seven pounds of N 2 are stored in a cylinder 0.75 ft 3 volume at 120°F. Calculate 
the pressure in the cylinder in atmosphere: 

a. Assuming N 2 to be an ideal gas. 

b. Assuming N 2 is a real gas and using compressibility factors. 

PROBLEM 5 <40%—one half each for the material and energy balances) 

Pyrites (FeS 2 ) is converted to sulfur dioxide (S0 2 ) gas according to the reaction 
4FeS 2 (s) + 11 0 2 (g)-» 2 Fe 2 Oj(s) + 8 S0 2 (g) 

^r B ri n) f combusti °" «•«« 27 °c, 

pre“S20TOtofF‘o Pr0CeSS „d rn ° ne ^ 8000kg 'he’ 

process, and 2000 kg of FejOj are produced. What is the heat added or removed from 
the process? Data.- For FeS 2 , C„ -44.77 + 5.590 x ,o-2 T where T is in Kelvin and C„ is 
mJ/(gmolXK). For F 2 0 3 ,C p = 103.4 + 6.71 x 10- 3 T with the same units. 


Exam No. 6 
(Open Book, 2 hours! 


PROBLEM 1(20%) 

How wm,H?l PreS f Ur f line carries natural gas (all methane) at 10,000 kPa and 40°C 

"7oSofrH? 

other thm C f 4 f,, arU,ard C0ndltl0ns usm S “ equation of state? Select one equation 
other than van der Waal s equation, and list it on your solution page Give a list of stem 

involved, but you do not have to obtain a solution for the volume. 


PROBLEM 2 (20%) 


From the following data estimate the vapor pressure of sulfur dioxide at IO0°C. 


Temperature (°C) 

1 -10 

1 6J 

i 32.1 

1 55.5 

Vapor pressure (atm) 

1 1 

T 2 

1 . 5 

r 10 


PROBLEM 3 (20%) 



PROBLEM 4 (20%) 

44 0°C anTlttlOkP).* £'T 0f2 : 83 ™ 3 . contains a ™ xtur « of nitrogen and acetone at 
nf °?.°kPa.. The dsw point of the mixture is 20.0°C and the relative saturation 

££dTSX^ 

What is the partial pressure of acetone vapor in the original mixture, in kPa? 

b. How many kg moles of acetone does the original mixture contain? 

c. If the nitrogen-acetone mixture is cooled with the volume remaining at 2 83 m 3 
™t so that 27.0 percent of the acetone condenses. wha“fna. 
temperature of the mixture in °C? 


(continued) 














PROBLEM 5 (20%) 


A wet sludge contains 50 percent water by weight. This sludge is first 
centrifuged, and 0.! kilograms of water are removed per kilogram of wet sludge feed. 

The sludge is dried further using air so that the final product contains 10 percent by 
weight water. The air for drying is heated, passed into an oven drier, and vented back 
into the atmosphere. On a day when atmospheric pressure is 760mm Hg, the temperature 
is 70°F and the relative humidity is 50%, calculate the cubic meters of wet air required to 
dry one kilogram of sludge fed to the process. The air vented from the oven drier is at 
100°F and 780mm Hg. It has a dew point of 94°F. 


Solutions Chapter 1 


Basis: I mi^ 


["5280 ftY 

lrnjnv’1 

f 2.S4 cmVlr l m V 

M mi * 

M ft ) f 

< 1 in ' j^lOO cm' 


= ki7xloW 


b. 


Basis: I ft^/s 



1.2 

0.04 g 

60 min 

,i(i2 m y\ 

1 \ 

a. 

(minora 2 ) 

1 hr 

lift 3 ! 

454g 


2LI3600 s 

124 hr 

i a 3 

r 1 ^ 

b. 

s 1 i hr 

ll day 

28.32L " 

O.l X 


9,14 


ib: 


(hr) (ft 2 ) 




6 (in.)(cm 2 ) 

1ft 2 

(1 in) 2 

lyr 

1 day 

1 hr 

2.21b, 

(yr)(s)(lbj(ft 2 ) 

(12 in) 2 

(2.54 cm) 2 

365 days 

24 hr 

3600s 

1 kg 


1 ft 10,3048 m 


12 ml l ft 


1.14* 10 


( k g) (**) 


1.3 The Pascal is a pressure unit, defined as IN/m 2 and it is not the same as a mass flux 
unit. The correct equivalent is 3.9 Mg/(h)(m 2 ). If the "lb" means 'Mb f ,” then the 
conversion is correct Since the English short ton is not part of SI, "L/ton" is not, either. 
Correct is "34 gal/ton (142 L/Mg).' 1 

If the ton is a metric ton, then [129 L / ton is correct) 


Solutions Chapter 1 


1.4 a. Basis: 60.0 mile/hr 


60.0 mile 

5280 ft 

1 hr | 

88 — 
sec 

hr 

1 mile 

3600 sec 


b. Basis: 50.0 lbn/(in) 2 


50.0/lb n 

454 g 

1 kg 

Kin) 2 

(100 cm) 2 

(in) 3 

1 lb 

1000 g 

(2.54 cm) 3 

(lm> 5 


3.52 x 

nil 


c. Basis: 6.20cm/(hr) 2 


6.20 cm 

1 m 

10’nra 

l(hr) 3 

(hr) 2 

100 cm 

lm 

(3600 sec) 2 


4.79- 


1.5 


(a) 

N/mm or nm (nanometer) 


(b) 

°C/M/S 


(c) 

100 kPa 


(d> 

2.73.15 K 


(e) 

1.50m, 45 kg 


(0 

25°C 


(g) 

J/s 


(h) 

250 N 


1-6 20 hp 

0.7457 kW 


lii. “ 14.91 kW 


1 1 hp 

iNol, not enough power even at 100% efficiency; 68 kW-91.2 hp. 
















































































Solutions Chapter 1 


1 hr 

2200 gal 

1000 mile 

[4190.5 gal| 

525 mile 

1 hr 


1 hr 

2000 gal 11000 mile_ 

4210 gal 


475 mile 

I hr 

i 

(20 gal) 



1.8 


None: 20 gal more are needed. 


Let f A be the time for A to paint one house; for B 
A does a house in 5 hours, or 1 house/5 hr. B does one house 
in 3 hours, or 1 house/3 hr. 


1 house 

'a hr 

5 hr 



1 house 

<„ hr 

3 hr 



= 1 house 


3 5 8 

Also t A = / B so that — t K + — L = 1 or — t A -1 
15 K 15 * 15 * 

l A = — hr = /„ = 1.875 hr or ll 12.5 min] 

8 


1.9 (a) mass, because masses are balanced 

(b) weight, because the force exerted on the mass pushes a spring 


20. Og 

1 lb m 

0.3048m| 

13600s 

1 '(IbfX* 2 ) 

lChr)- 

(mXs) 

453.6 g 

1 ft 1 

1 1 hr 

l32.174(Ib n Xft) 

(3600)V 


1.16 x 10 


- TObrXhr) 

ft 2 


Solutions Chapter 1 


1.0 Btu 

24 hrs 

1 ft 2 

1 in 2 

(100 cm)' 

1.8°F 

2.54 cm 

«*■>(?) 

1 day 

((2 in) 2 

(2.54 cm 1 ) 

1 m 2 

rc 

in 


252 cal 

|12 in 

4.184 J 

I 1 kJ i 

1 40- in'* ^ J 

l. A I V / * \ 

(day^m'^C/cm) 

1 Btu 1 

1 1 ft 1 

I 1 cal 

11000 J ~ 



Basis; 1 lb H,0 

a. KE=— ■ 

2 

2 1 
mv‘=— 
2 

^I(t) 

j — (S ~.WM— _ 0 1 4(fl)(ib ) 
|32.J74(ft)(lbJ " 


b. Let A = area of the pipe and v = water velocity. The flow rate is 
q= Av = ^)( v ) 


|(2 in) 2 

(i ft y | 

l 3 f l 

60 s 

17.48 gal 


(12 in) ! | 

S 1 

ll mini 

1 1 ft 3 


1.13 Not really - but people do not usually distinguish between mass and weight. 


1.14 The object has a mass of 21.3 kg (within a precision of * .1 kg). The weight is the force 

used to support the mass. 


































































Solutions Chapter 1 


1.15 In American Engineering System 
Power = FV 


800 lb r 

300 ft 

1 

min 


2.4x10 s 


(Ibf Kft) 

min 


or 7.27 hp 


In SI 


Power “ 


4000N|1.5 m 

1 (watt)(s) 

! 1 s 

l(N)(m) 


16000 watts] 


1.16 


KJE 


2 m v 


1|2300 kd 

1 lb. 1 

Ym ft^i 

21 1 

ft 454 kgj 

l—J 


1 < 

1 Btu 

132.2 IbJ 

1 ft 

7782(ftXlb f ) 

Ibf 1 

sec 2 


fib.HBtui 


Solutions Chapter 1 


M7 Basis: 10 tons at 6 ft/s 


KP-lm^-lI gg-PWIb. 
2 2 I 



l(S 2 )(lb,) 

32.2(ft)(Ib m ) 


|li.200(ft)C1b f )| 


? _ numerator 

denominator 

Numerator « Y xU y b A// c 


— rno1 cel1 C Y e ' Y energy ) 
mole substrate cj( mol cell cj[ mole" equiv.J 


energy 

mol substrate C 


( 1 ) 


Denominator = AH^ 


„ energy 
mol substrate C 

v = 0) ^ enetgy 
(2) energy 


There is no missing conversion factor 

What the author claimed about the units is correct. 





































Solutions Chapter 1 


l- 19 Q = 0.61S V(2ApVp assume hole is open to atmosphere 




144 in' 


1 fl- 
= 3,579 lb r /ft 


73 in gas. 

0.703 H,0 

1 ft 

14.7-^ 

m' 


1 gas 

12 in 

33.91 ft H,0 




S~7t 


0,703* j 

L. . IbH.O 
62.4-- 

ft 3 H,0. 

1 lb/ft J H 3 Oj 



=43.87- 


(4}I2 


= 3.41 x 10 ft^ 


Q = (3600)(0.61 ){3.41 x 10^//{2X3579)g c /43.87 = 


54— 

hr 


(2) 

9.8m 

10’ 3 m 

50^10 J (kg}(m) 

1 


S" 

kg 

(s : )(m-) 

H 

(!)’ 


The net units on the right hand side of the equation are 


Consequently, the formula will not yield 80.8 mVs, presumably in the formula the g 
should be gc for use in the AE system. 


Solutions Chapter 1 


1,21 

a t . A is in g/cm 3 

a 2 . B is in g/(cm 3 )(°C) 

a_v Since the exponent of e must be dimensionless 
C is in atm' 1 


hi 


1.096 g 

(30.48/cm 3 


cm 3 

ft 3 

454g 



b : 


0,00086 g 

(30.48/cm 3 

1 Ibm 

rc 

(cm 3 )(-a 

ft 3 

454 g 

1.8‘R 


0.0298 


ib m 


bi 


0.000953 

1 atm 

atm 

14,7 lb r /in 3 


0.000064S — - 
lb f /in' 













































Solutions Chapter 1 


1.22 3 . ^ 


B 

C 

D 


** i + /db+^c+^d 

Units 

cm 3 /g mol 
(cm 3 / g mol) 2 
(cm 3 /g mol) 3 


1 + Hp*) z c* +ijj ) 3 jy 


Units 
B * &/K 

C * (ft 2 /lb ra ) 2 

D * (ft 3 /lb *) 3 


B by conversion factors. 



Solutions Chapter 1 



































Solutions Chapter 


For a travel distance of 125 ft, the time required for the flow is 


(I25)ft 


(30.38)cm 


(54.67)—■ 

ft 


- 169.69 seconds! 


Including the 5-sec instrument delay, about 75 sec will be required for sampling. A 
delay time of 75 sec may be acceptable for low leak rates, but faster detection would be 
desired for dangerous concentrations of toxic gases. 

b) To reduce sampling time: 

1) Increase the flow rate for same diameter tubing, 

2) Decrease the tubing diameter for same flow rate, 

3) Reduce the tubing length. 


1.26 Place units for the symbols in the given equation, and equate the units on the left and 
right hand sides of the equation by assigning appropriate units to the coefficient 0.943. 


LHS RHS 

Btu J"f Btu ^ 

(hr)(ft J )(A->F)-[UhrXftXi^)J > 


ft B 

tu I 

Khr)(f.)| 


(hr) 2 lb 


1 lb m 



The units are the same on the right and left so that 0.943 has no units associated with it. 


1.27 Introduce the units. The net units are the same on both sides of the equation. 



Solutions Chapter 1 


.28 Basis: Dvp/p 


2 in | 

|10 ft 162.4 lb ni 

(hr)(ft) 

3600s 

1 


sift 1 

0.3 lb. 1 

1 hr 1 

|12 in 


20 ft 

|10 mi 

1 lb F 

(s)(ft) I 

5280 ft 

1 hr 


hr 1 

ft 3 

O.MxlO^ 

j 1 mi 

3600 


1 ft 11 m 

12.5 kg 

1 

100 cp 

0.305 m 

1 m 

10‘gl 

[30.48 cm 

1 s 

m 3 

2x10* cp 

1 p 

100 cm 

100 cm 

1 kg 

1 ft 


x --> 15,81 xlQ 7 1 

l(g)/(cm)(s) 


2 mm |3 cm 

25 lb. 

1 1100 cp 

454 g 

1 cm 

ft 3 

1 s 

It 3 

1x10* cp j 1 p 

lbm 

10 mm 

(30.48)W 


-~-= 12.38* toM 

1 (g)/(cm)(s) 


1.29 


hr 


<2 gal 10.1337 ft J 

\p\K 

1 ton ! 

160 min 

min j 1 gal 

ft- 

2000 lb* 

1 hr 


= QP 


V \ (& 


(ft i )(tonXmin > |1 

(gal)(lbjhr) JJ 


1.30 Two because any numbers added to the right hand side of the decimal point in 10 are 
irrelevant. 
































































Solutions Chapter 1 




,J! 


133 569 8269 °° 0 - bUt y °“ sho u, d truncate to 4 sis „ifi call t fibres. 0r 


U4 Two significant figures (based on 6.3), Use 4.8x I0 3 . 

1.35 Step 1, The product 1.3824 is rounded off to 1.4 

Step 2: Calculate errors. 

For absolute error, the product 1.4 means 1.4 + 0.05 

T* us ^x 100%, 3.6% error 

Similarty3.84 has 100% = 0.13% error 

and 0.36has ^xl00%„.4% error 

Total 2.7% error 

1 
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2.1 

The first paragraph of the letter is ok. In the second paragraph, the author is 
wrong. The molecular weight, even in SI, is the ratio of mass to moles (or the mass per a 
fixed number of molecules) and is not dimensionless. 

2.2 

Yes 

2.3 

A mole is a number of molecules. Molecular weight is the mass per mole. 

2.4 

All of the answers are wrong. A mole is a number of molecules. 


a) It is not a number of molecules in a volume 

b) It is not a weight 

c) It is not a number of molecules in a gram 

d) It is not an atomic weight or sum thereof 

e) It is not a molecular weight 

2.5 

The statement is partially correct. A mole is a number of entities, not a quantity of 
material. ’’Quantity" usually is not considered to be enumerated. 

2.6 

a) mol-1 means the inverse of the unit ,r mo)/ r 


b) Yes. 

2.7 

!■ (d) 2. (c) 

2.8 

893.5lgC ^ _ , 

, from adding elemental masses 

1 g mol C 
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2.9 


1201 

158.45 lb 

|454g 


I Ibmol 

ib 


b. Basis: 120 gm mole NaCl: - 


120 

58.45 g 

lb 


g mol 

454 g 


d Basis: 120 gm NaCl: 


120(454 g 

gmol 


Ib 

58.45 g 1 

120 

lb 

| Ib mol 


454 

g|58.45 Ib 


• = jjTJjbl 


-= [932 g mol| 


= j4.52 x 10° lb moll 


2.10 (a) MW = 40.08 g/g mol +12.01 g/mol + 2(16.00) g/gmol 

= |10Q,9 g / g mol CaC0 3 | 


c) 

d) 


10 g CaCO, 

1.0 g mol CaCO* 


100.09 g CaC0 3 

20 lb CaCO, 

1 lb mol CaC0 3 _ r 


100.09 lb CaCO, L 


[0.200 lb mol CaCOj | 


2 lb mol CaCO, 

100.09 lb CaCOJ454 g 


1 lb mol CaC0 3 1 1 lb 
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4 g mol rag Cl; 

y 

k> 

& 

s 

% 

Jr* 

i 

2 lb mol C,H* I 

gmol MgCl 2 ’ 

,44.09)lb C 3 H g |454g C 3 H 8 , . Q 4 r „ 


th mnl C IT I 1 1h C IT ^ $ 

ID mOI Cjtlg { 1 10 CjHg 

io g " 2 gmo* i jo moi n 2 , ~ r . in -i 1Klll UJ 

1(28.02)g N 2 454 gmo! N 2 -^ 


<d> 


3 lb C,H,0 

1 lb mol CjH^O 1454 g mol 


(46.07) IbC 2 H s o| 1 lb mol 


2.12 < a > 

(b) 

(c) 

(d) 


16.1 lb mol HCl l 36.5 IbHCl 
|l IbmolHCl 

19.4 lb mol KCl 174.55 lb KC1 
llbmolKCl 


= 1588 lb HCll 


= 11466 lb KCll 


11.9 g mol NaNO, 

85 g NaNO, 

2.20xI0* 3 lb 


1 g mol NaNO, 

lg 


• —12.23 lb NaNO,] 


164 g mol Si0 2 


60.1 g StP 2 


1 g mo) Si0 2 


2.20x10 J lb 


lg 


|21.71bSiO;| 
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2.13 Basis: 100 g of the compound 


comp. 

g 

MW 

gmol 

Ratio of Atoms 

C 

42.11 

12 

3.51 

1.09 

O 

51.46 

16 

3.22 

1 

H 

6.43 

1.008 

6.38 

13.11 

2 


Multiply by 11 to convert the ratios into integers 
The formula becomes C )2 O n H 2 2 

Checking MW: 12(12) +11(16)"+ 22(1.008) = 342 (close enough) 
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2.14 Vitamin A, C^O H 10 , Mol Wt.: 286 Vitamin ■ C, C 6 H^0 6 , mol. wt: 176 


Vitamin A: 


a. Vitamin A = 


2.00 g mol j 286 g 

1 lb 

|l gmol 

454 g 


11.26 Ibl 


16 g 

I lb 


454 g 

Vitamin C = 

16 g 

1 lb 


454 g 


= 0.0352 lb 


2.00 g mol 

176 g 

1 lb 


gmol 

454 g 


= lo.775 lb I 


Vitamin A - 


= [0.0352 Ibl 


1.00 lb moll 286 lb 

454 g 

|l lb mol 

1 lb 


= [l 30,000 g] 


Vitamin C = ■ 


1.00 lb mol 

176 lb 

454 g 


1 )b mol 

1 lb 


[79,900 gj 


For both 


12 lb 

454 g 


1 lb 


- [5450 g| 
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249 (a) Volume cylinder = ;rr 2 h «ff(0a)125m) , (l,0m)^4.9xl<r‘ 

Volume cylinder - Volume fiber 
4.9* 1 O^m 2 « ti(6.25x 10' 5 m) 2 h 
[h = 40,000 moffiberj 


Mass - (density)(vo!ume) = (2.25 x 10^X4.9*10^) - fuoog 
a Q.125xlQ^ m 


(b) 


■ +5xi0' 5 m=» lJxic* 


. _0.125xio^m.. 

f Mw ^-=6.25* 10 5 

^StKT*co*t»t ^fiber = V^ tu x 


40,000m ((l.l»IO-m) 3 n - (6.25xl<r 5 m) 3 n)« l.lxtffV 
(l.t*10' 3 m 3 ) — " |l.9kg polymer| 


’ M SSiSSrSf ,00 ! gaJ 0fliqUid , that ™“ 0WU Py or 1000/0.2 - 

^ empty space n,ust be at ,east 10.000 gal for the tank plus 5000 
gal for the backfill, or 15,000 gal equivalent to 2005 ft 5 . P SiUUW 


2005 ft 1 If lm 


lm V If 100 cm V 12.2 g ,, 

3.281 ftj |(—J [■^T = , - 23xl10 k 8 


21 


1kg 

1160 m 3 

5.2 m’ 

kg mol 


- =223.1 
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2 -« Basis: 5000 bbl of 28“ API oil + 20.000 bbl 15’ API oil -» calc. p mix in Ib^gal, | bm /ft3 

(assume volumes are additive); 1 bbl = 42 gal 

r _ 1M8° oil + lb m 15°oil lb m 28° oil + lb„IS°oil 
total vol 5000 + 20,000 bbl 

SG 2S“-~ + j—■ =0.887 p, 8 . =(0.887X62.4) = |S5J6 lb„/ft a | 
c 141.5 

Sg,, ‘ ~ 15+ [31.5 = °- 966 p '5“ = (0-966X62.4)=60.27 l bni /ft 3 


V 28 . =(5000 bblX42 gal /bbl)(ft 5 / 7.481 gal)= 2.807 xIO 4 ft 3 
V, s . = (20.000X42 gal/ bbl)(ft 3 /7.481 gal)= 1.123 x I0 s ft 3 


• • Pmix : 


S5 .3 6 M!)(2.80 7 x 10 a ft 3 )+(60.27i^!)(U23x l 0 3 ft 3 ) 


2.807 xl0 4 +1.123 xl0 s ft 3 


° |59.29 lb m /ft 3 | = |7.93 lb m 


2-23 lYesI 


Sp.gr. 


60° F 141.5 141.5 

60°F °API + 13I.5~ 45.38 + 131.5 = 


$p - g- * Density 
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2.24 


1.049 g/cm 3 HAcI 

|l 00 g/cm 3 H,o| 1 Jb m | 

If 1 m 

1.00 g/cm 3 H 2 0 | 

(453.6 g| 

^3.2808 ft 



65.43 Ibm / ft 3 


or 


1.049 ^ HAc 

62.4 H,0 

ft 3 

ft 5 ‘ 

1.00-^f H,0 


ft 3 



65.46 ib^/ft 3 


2.25 


P oil 


(0.82) 


lb oil 


i3L oil 


62.4 


1 lb H?0 

ft 3 H,0 


lb H ? 0 

ft 3 H,0 


= |SI lb/ft J for ihe oil! 


•“ The densit y ° f waler at 25'C is 0.997 g/cm 5 and at 4°C is 1.000 gW. Ignore any change 

in density of the A&O. 


g Ag ? Q/cm 3 

0,997 g H 2 0/cm 3 @25°C 


- 7.30; g Ag z O/cm 3 


7.278 


7.278 g AgnO/cm 3 

1.000 gH 2 0/cm 3 @4°C 


- 7.278 
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2.27 Sp.gr. = 1.2185 for 30% H>S0 4 soln 
p = 1.2}$5 g/cm 11 

0,30 (1.2185) - 0.3656 g / cm 3 of HjSO* in the solution 


0.3656 g 

1000 cm 3 

cm 3 

1 L 


B 365,6 g H 2 S0 4 /L 


Answer: yes 


2.28 Basis: 1 Day 


200 mg HgCl, 

7.48 gal 

1 ft- 3 

1 lb 

1 gmol HgCl, 

10 s gal 

FT ft 1 

62.4 lb 

454 g 

271.52g HgCl, 


lg 

1 gmol Hg 

200.6 Ig Hg 

10 3 mg 

1 gmol HgCl 2 

1 gmol Hg 


= 3.90*10' ,, -£^- = 3.90*10>m 
g soln 

This discharge for 1 analysis is just below the prescribed limit. If more than one analysis 
is made per day, a violation occurs. 
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2-29 Basis: 1 L of 0.10 molar H 2 SO,solution - 1 Lsoln MWftSO,-98.08 
Aoh ~ J-S58 g 96% soln/cm 3 96% sola, since sp.gr, - 1.858 


(a) 


0.10 g mol H,SO. 

98.08 g H,SO, [l .00 e 96% .coin 

1 fl 77 O QAO/ 

1 L soln 

1 g mol H-jSO. j 0.96 g H.SO, 

g /o soln 

Lsoln 

1 cm 3 96% soln 1 

10.22 2 96% enfn ---- 


1.858 g 96% soln | 

( ‘. oIn - -15.50 cid 3 96% soln/I cnlnj 

Assume no volume change on mixing for such a dilute solution 

g 

cm 3 



96% H 2 S0 4 sola 

h 2 o 


10.22 

994.5 

1004.7 


5.50 

994.5 

1000 


1004.7 

^"Tooo" = , - 0047 s /cm3 


2J ° Pl “=0.917 g/cm3 Density of ice 

Ph q 

2 “LOO g/cm3 Density of H20(l) 

PaloohoJ =0.791 g/cm 3 Density of pure alcohol 
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2.31 


Pwatcr at 60°F = 0.99905 g/mL 

60°F 0.879 g/cm 3 

Sp. gr. of benzene at ^ 0* 99905 g / cm 3 _ | q 379 ) 


232 


o.9o^sJia: 

- mL- 

l 0J jcg_H T O 

m 3 

kg H,0 

m 3 



900 


kg lig. 


1 m 3 V 

0 kg iiq.[l. 


b uq.|\ 1 m ^ 


900 

0.9(1000 g)|l.S liter 


_3.2808 ft J V|0.454 kg 


1 lb. 


ft 3 

O.OI 78 - 7 - 

lb„, 


liter 


+232g = [Is 82 g| 


2.33 Basis: 1.704 kg HN03 I kg H 20 

a- Comp. Kg mass fraction weight percent 

HN03 1.704 0.63 63 

H20 I 0,37 37 

Total 2.704 1.00 37 

b. Ignore the change of density of water with temperature 

1.382 lb so In 

0.63 lb HNO 


1 lb so In 



1 ft 3 H 2 0 


543 lb HNQ 


ft 3 so In 
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2.36 


Q-vA- 1 


56.7 ft 

n(6 in) 3 

1 £ | 

r 0.3048 m’ 

s 

4 | 

|144 in 2 1 

•. ft . 


2.37 


Basis: 40,000 lb fuel 


40,000 lb fuel 

1 o — 
ft’ H.O 


7.48 gal 

Imin 


0 9) 

62 4 «> H.O 

1 ft 3 

40 gal 


ft J fuel 

H.O 



1.38 


Basis: 100 g of compound 


Mass ( m ) combining / g 
Molar mass (M) / g mol'’ 
Number of moles combining 
(mass + molar mass) 

Ratio of number of moles 

Simplest ratio 


C 

H 

0 

26.9 

2.2 

70.9 

12 

1 

16 

26.9/12 

2.2/1 

70.9/16 

= 2.24 

“ 2.20 

~ 4.43 

2.24/2.20 

2.20/2.20 

4.43/2.20 

= 1.02 

- 1.00 

= 2.01 


The empirical formula of this organic compound is CiHj0 2 . 





















































( *>X MW 1 )+(1-* i )(MW,) 
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2.46 Basis: 30 lb gas 


COJTID. 

lb 

MW 

lb mol 

mol fr. 

C0 2 

20 

44 

0.455 

0.56 

n 2 

10 

28 

0357 

0.44 


30 


0.812 

1.00 


2-47 a) liOOOl 

b) ED 

c) Yes, because for solids and liquids the ratio in ppb is mass whereas for gases the 
ratio is in moles. 


2.48 On a paper free basis the total ppm are: 

Brand A: 6060 ppm Brand B: 405 ppm 
The respective mass fractions are: 


The other entries are similar 




Cu 


1310 

Brand A: 6060 

350 


0.216 


2000 
6060 " 


0.330 


Brand B: 405 


= 0.864 


—-0.123 

405 


Pb 


2750 

6060 


= 0.454 


405 


- = 0.0123 
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2,49 Basis: 190,000 ppm 


190,000 g PCB 

IO 6 


xlQQs H9%1 


2.50 Yes. Bases are first entries. 


4800 g mol CC1. 

IO 3 g mol air 

kg mol air 

1S4 gCCI. 

103 mgCCl. 

10 * g mol air 

kg mol air 

22.8 m 1 

g mol CC1 4 

gCCI. 


32.4 mg CCl 4 /m\vhich exceeds the N10SH standards 
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2.51 


25 t 600 ton P| 

|2.6 yr| 

j I 

| 1 gal 12000 lb 

|454 g| 

|10 6 u a 

yr 


Il.2xl0 u gal| 

[3.785 LI 1 ton 1 

i. »i 

—Js 2 

1 1 g 


EUgr g/u 

19.090 lb(P)municipal r — n 
30,100 lb(P>otal " 


19,090 lb(P)municipal| 

I 070 iKP>det. I 

1 '00 'KPL„ 

30,100 !b(P)total j 

|1 lb(P)municipal| 

l 3 0,100 lb(P) l0&1 - 


For d. and e. assume that (P)outflow remains unchanged. 

d. P retained/yr = 2,240 + 6,740 + 0.7 x 19,090 - 4,500 - 17,843 ton/yr. 
P cone, in ppb = 


17,843 tonl 

|2.6 yr! 

1 1 |2000 lb| 1 a/cm 3 

1 '0 9 g 

yr ! 


|l-2 x I0 ,4 gal| ton 18.345 tb/galj 

|l billion g 


This is greater than 10 ppb. (Eutrophication will not bTreducedJ 

e. P retaine 
P cone, in ppb * 


e- P retained/yr =» 2,240 + 6,740 + 0.3 x 19,090 - 4,500 « 10,207 — 

yr 


10,207 ton 

|2.6 yr 

[2000 lb| I g/cc 

| 10 9 g 

yr 


1.2 x 10 l4 gal| ton 18.345 Jb/gal] 

11 billion g 
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2.52 


Basis: I0 6 gmolgas 


350 g mo! H.S 

1 g mol gas 

34g H,S 

1 g mol CO, 

10 6 g mol gas 

1 g mol CO, 

1 g mol H,0 

44 g CO, 


270 g H,S & 270 gH,S 
10 6 g CO, 10 6 g total liquid 


mass fraction H 3 S - [2 70 x 10~^1 


2.53 (*) 


1 mol 0, 

100 mol gas 


10 4 mol O, 
10 6 mol gas 


or 10 4 ppm 


(b) Basis: 100 mol gas 

answer 


Cornu. 

% - mol 

mol fr, 

or mol % 

SO, 

55 

0.932 

93.2 

so 2 

3 

0.051 

5.1 

O, 

1 

0.017 

1.7 

Total 

59 

1.000 

100.0 
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CaC03: 

100.06 

Ca 

40.05 

Mg 

24.3 

C 

12.01 

O 

16,00 


100.06 g CaCOj 

1 gmolCaCOjl gmol Ca 

g mol Ca COj 

lgmolCa |40.05gCa 


2.50 


g CaCO, 
gCa 


Similarly 


gCaCOj gCaCO, 

g Mg ’ g Mg 


Total alkalinity - 2.50 (56.4) + 4.118 (8.8) ~ 


177 mg CaCO, 
L 


2.55 


Total dosage 271b/0.75 mil gai = 361b/mii ga! = 36Ib/mil gal 


1 mg/L 
8.341b/mil gal 


- 4.3 mg/L 


Residual Cl 2 = 4.3 mg/L - 2.6 mg/L = 1.7 mg/L 


2.56 No. 1 molecule in 10 23 or more is not 13-20 ppb 


2.57 On a mol basis, the carbon dioxide concentration in air is about 350 parts per million 

(ppm), while that of oxygen is about 209,500 ppm, If the atmospheric concentration of 
carbon dioxide is increasing at about 1% per year (i.e.. from 350 ppm this year to 353.5 
ppm next year), and not to 1%, the 3.5-ppm change in dioxide concentration causes the 
oxygen concentration to fall from 209,500 to about 209,497 ppm, which is less than a 
0.002% decrease. So, there is no need to worry about an oxygen deficit at present. 
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2.58 


Basis: 100 g of the sample 
The biomass sample is 

gJ* % drv weight of cells 


C 

O 

N 

H 

P 

other 

Total 


10.5 g cells 

50.2 gC 

1 g mol C 

g mol ATP 

100 g cells 

12 g C 


50;2 

20.1 

14.0 

8.2 

3.0 

95.5 

4.5 

100.0 


= 0.439 g mol C/g mol ATP 


1.59 


MMM(s) -> NN(s)+3CO,(g) 


2* ^disintegrations 

1 min 

1 curie 

10*p curie 

min 

60 

3^1 O i0 disintegratjons/s 

1 curie 


= llpcurie 


b. 


2xl0 7 disintegrations 

0.80 

min 



1.6xl0 7 cpm 
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2.60 

The relation to use is 

t W2 =^n(2)/(k)(OH-) 


with (OH") = l.JxlO‘ 

k 

t„ 2 (seconds) 

30.8 x10 s 

Methanol 0.15x10' 12 

Ethanol IxlO" 13 

4.6x10 s 

MTBE 0.60 xlO " 11 

7.7x10 s 

The order is in increasing persistence ethanol, MTBE, and methanol. 
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3J (a) A gas requires a convenient basis of I or 100 g moles or kg moles {if use SI 
units). 

(b) A gas requires a convenient basis of 1 or 100 lb moles {if use AE units). 

{c) Use I or 100 kg of coal or I or 100 lb of coal because the coal is a solid and mass 
is a convenient basis. 

(d) Use 1 or 100 moles (SI or AE) as a convenient basis as you have a gas. 

(e) Same answer as (e). 


3.2 Since the mixture is a gas, use 1 or 100 moles (SI or AE) as the basis. 

3.3 Pick one day as a basis which is equivalent to what is given - - two numbers: 
(a) 134.21b Cl (b) 10.7 x 10 6 gal water. 





Solutions Chapter 4 


4.1 Tk = -10 + 273~263K 

Top - -10 (1.8) + 32 = 14°F 
T a R= 14 + 460 = 474^ 


4.2 Yes, if the temperature scale is a linear relative one (°C, °F), or a logarithmic scale 

cM/iliS??' N ?.’J. f<he scale is absolMe ’ but read 1 Wisniak, J. Chem. Educ., 77, 
522 (2000) for a different conclusion. 


518- 


4.3 


C p = 8.41 + 2.4346x10% 


| 2.4346* I0’ 5 - 




(gmoi)(K)‘ 

Substitute 1.8 TK = T°R 


rr K ) 


c P = 


8.41 +2.4346 x 10~ 5 - l —, (is ) 

(gmolXK)H 1.8 ) 


8.41 +1.353 x10“ 5 T d 


4.4 

10°C 



a) 


|i.o°cl 

+ 32=|50 S Fl 


10°C 

11.8°F 


b) 

1 

|l.0°C 

+ 32 + 460°R =a|510°R| 

c) 

-25°F - 32°F 

i o°r 

1 ,V . 'i'nr/ .. Ioji >j- 1 

1.8 

, g . F +273K = |24yKj 


I50K| 

1.8°R 


d) 

1 

10 K 

=|2WR] 

-i 
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4.5 First multiply the RHS of the equation so that 

_ t 1054.8J | 11b mol | l,8 a F ! PC 

(lbmolX°F) j i Btu | 454 gmol t To°C [ 

= 4.182 - 

(gmolX'K) 

and substitute T°p ** 1.8T<>c + 32 

Cp = js. 448 + 0.5757x 10 2 (i. 8 T, c + 32 ) - 0.2159 x 10 ' 5 {l. 8 T. c + 32 ^ 

+ 0 . 3059 x 10 ^( 1 . 81 ;.+ 32 ) s l 4.182 - 1 - 

J (gmo!)(°K) 

Simplifying, 

Cp = 36.05 + 0.0447T - 0.2874 x uH T 3 + 0.7424 x Kr 8 T 3 


4.6 'Die instrument does not contain mercury, but has to contain a fluid that responds 
at /o L and can be calibrated to measure temperature. 


4*7 The first sentence really means that the unit interval A°C =r the unit interval AK. 

However, °C£ K as a temperature measure. The second sentence is satisfactory when 
referred to temperature, but the ''only difference'’ should be omitted. Third sentence: 

ere j s no difierencc in the precision but the reported value of temperature may be 
rounded off to leave fewer significant figures (unlikely as much as one digit). 
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Basis: given temperatures* 

°-F 

°R 

K 


a. 

140* 

600 

333 

60 

b. 

77 

537 

298* 

25 

c. 

40 

500* 

277.8 

4.5 

d. 

“40 

420 

233 

-40* 

e. 

1000* 

1460 

811 

538 

f. 

540 

1000* 

555 

282 

g 

1340 

1800 

1000* 

727 

h. 

1832 

2292 

1273 

1000* 


4.9 


Basis: 0.171 x 10 “ 8 


Btu 

(ft) 2 (hrX“R ) 4 


0.!7x lO^Btu 

(1.8°R) 4 1 

1 

! W 2 1 

(in) 2 

(100 cm) 2 

1.055x)0 3 J 

(ftfthrX’R ) 2 

10 K) 4 

|3600s 

Il44(in) 2 | 

|(2.54cm) 2 

(1 m) 2 

1 Btu 


5.67 x10~ 8 J 


4.110 Yes, if the fluid expansion is linear with temperature. 


4.111 You do not get a straight line with p vs. 1/7", but do so with In p vs. 1/7. 

Atp= 1340 mm Hg, T = 384 K; a = 20.36 and b = -5.12x 10 3 with the units of K. 
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Basis: 15cra 3 water 


5.1 

a. m - pV= 


1000 kg 1 

6 

o 

10m 

0.15 m 

m J 





15,000 kg| 


b. -« 


A A 


15,000 kg 19.80 m 



IN 

I Pa 

1 s 3 

10m 

|l0 m 

, (kg)(m) 

N 




s 2 

m 2 


- = 1470 Pa 


* 11.47 kPal 


1.470 kPa 

1 atm 

114.7 psi 


101.3 kPa 

I atm 


15 cm H,0 

1 in. 

1 ft 

14.696 psi 


2.54 cm 

12 in. 

33.91 ft HjO 


= 0.21 


5.2 

Peoncrete = 2080 kg / m 3 

Pw a tcr = l°°0 kg/m 3 

Volume of concrete: 

Sides 

V s - 

Ends 


T 

27.4 m 

i 


30 m 


■ 30.4 m- 


5 m, 

|30.2 m 

1200 mml 

1 ml 





[1000 mml 

1 2 sides 


• 60.4 m J 


~r 

0.2 ra 

TT 

2|2m 
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5 m|27.2 m 

200 mm 

1 m | 

12 ends 

I 


1000 mml 



= 54.4 m 3 


Floor 


Vf =- 


27.4 m 

30.4 ml 

1200 mml 

I 1 m 




|l000 mm 


= 166.592 


Total volume = 281.392 m 3 
Mass of concrete = 


281.392 m 3 

2080 kg 


nr 5 


= 585,295 


Volume of displaced water required to float: 


586,543.36 kg ] 1 m 3 H?Q 

1000 kg h 2 o'’ 


» 586.543 


V = LWh -► h = — 
LW 


h- : 


586.54 m 3 




27.4m 

30.4 m 


10.703 ml 
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S.3 The pressure is a gauge pressure. 
Basis: 50.0 psig 


60°F 

w 


a. 

gee 


SO.O psid 33.91 ft H,0 _ 

I 147 psia 

(difference) 


148 

ft 


9 


b. pSfo.lnsufficienTheighT] 

Alternate solutions can be applying Ap = pAhg 


1.00 cm 3 


5,4 p = pgh so h Hc = ;Pk«o = 77; 7Z7 

PHg 

Basis: 5 in kerosine 


5.0 in kero 

25.4 mm|0.82 g/cm 3 


1 in i 13.6 g / cm 3 


= |7.66 m Hg| 


5.5 


— = Ib f lb n) in the AE system 
in,‘ 

so the procedure is ok, although the unit conversion is ignored. 


Solutions Chapter 5 


5.6 The equation is 

Ap = 4/p[(v-/2g) (L/D)] 

The units on the right hand side (with f dimensionless) in SI are 


kg 

t 

nv 


P m 3 

s 2 

m 


(kg)(m) 

m 


s 2 

V. 



hence the equation is not dimensionally consistent because Ap has the units of 
N/m 2 . If g is replaced with g c , the units would be correct. 
























Solutions Chapter 5 


Q = 0.6iS^(2&p)/p assume hole is open to atmosphere 




144 in 2 

23 lb f , 73 in. gas 

0.703 H,0 

1ft 

14.7 

4 *> 

nr 

l ft 2 

in 2 

1 gas 

12 in 

33.91 

ft H,0 


s 3,579 Ibi/ft 2 


0.703 




1 lb/ft 3 H,0 


62.4 


lb H,0 

=43.87 % 
ft 5 


5.409x 10~" 


S = —f —-—T - 3.4 
4 ({4X12) J 

Q = (3600)(0.61)(3.409 x 10" l )^/(2)(3579)g c /43.87 ■ 


54.6— 
hr 
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5.8 Basis: Dept - 1000 m p = p 0 + pgh 
p = 1 atm + 


1000 m 

1.024 g|9.8 ml 

|I kdr 100 cm', 


cm 3 1 s 2 1 

llO 2 ^ 1 m ' 


100.1 atm 

101.3 kPa 


I atm 


= ll.014x 10 < kPal 


Alternative solution: 

1000 m sea H,0 


101.3 kPa + 


1.024 gH,0 


1 N 

1 kPa 

1 atm 

(kgXm) 

IN 

1.013 xlO s N/m 2 

S 2 

a 

O'gXm) 

s 1 


3.28 ft 

101.3 kPa 



1.00 g sea H,0 


1 m 


33.91 ft H 5 0 


+ G.OlxlO 4 
= l.013xl0 4 


22.4 lb r 

Il44 in. 3 

1 in. 2 

1 I ft 2 


5,9 ( a ) PAflS-Po.me+P,! 


(b) 


(<*) 


28.6 in. Hg 

14.7 psia 

144 in. 1 

1 

29.92 in. Hg 

1 ft 2 


5250 lb r /ft 2 


( 22.4 psig 

29.92 in. Kg'] 

t 

14.7 psia J 

f 22.4 psig 

1.013xlO i N/m 1 '’ 

l ' 

14.7 psia j 

f 22.4 psig 

33.91 ft ( 

{ "» 

14.7 psia J \ 


84.1 ft H,0 
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5.10 Neither John is necessarily right. The pressure at the top of Pikes Peak is 
continually changing. 


5.11 Ap = pgb 


JL&I 

19.8 ml 

[13.1 mj 1 kg 

1(100 cm) 3 

Pa 

l kPa 

cm 3 ! 

I s 2 ! 

1 llOOO g 

1 m 3 

m s 2 

1000 Pa 


= 128.4 kPa 

l = m g pVg _ p(S.A.Xt)g 

A A Bottom -^Bottom ^Bottom 


a ~-D 2 - — 

A Bottom ~ a U ~ A 

4 4 


(30.5 mf 


= 730.62 m‘ 


ATop = 730.62 m 2 


A 5 ide = ^h=:jr(30.5 mXl3.1m)= 1255.2 m 2 
S. A.— Aj op + A Bottom + Agjjg 
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= (730.62 + 730.62 + 1255 22) m 2 = 2716.46 m 2 

P< SA -Xt)g 

A 


7.86 g|(> 00 “n 3 '] 

2,716.46 m 2 

9.35xlO' 3 m 


9.8 ml 

cm 3 | m 3 



730.6 m 2 l 

s 2 1 


1 kg 

1 Pa 

i kPa 

1000 g 

1 kg/ms 2 

1000 Pa 


5.12 Ap = pgh 


0.800 gj 

(980 cm| 

[12.7 cm 

1 kg 

100 cm| 

1 Pa 

1 1 kPa 

cm 3 1 

1 s 2 ! 


llOOO g 

m 1 

il kg/ms 2 | 

[1000 Pa 


|0.996 kPa gagej 


Alternate solution; 


12.7 cm| lin |0.800| l ft 

101.3 kPa 

|2.54cm[ |l2in. 

33.91 ft H,0 





































5,13 Basis; 750 mm Hg 

Atmospheric pressure + gauge pressure = absolute pressure 




$ 

440kPa 


750 ram Hg 

101.3 kPa 


760 mm Hg 


765 mm Hg 

101.3kPa 


760 mm Hg 


absolute pressure - 
=102kPa 


=lOOkPa 


440kPa 
540kPa 


540-102 ~ |438lcPal 


15 mm Hg 

101.3 kPa 


760 mm Hg 


£2 kPa so 440-2= 438 kPa 


5.14 


~ (a) Gage pressure most likely (if assume absolute, 

_j l then don't add barometric pressure below) 

I (b) p = ^7gh or use below 

Air 

_ J 

He M 

— mmJ V 


Basis: 2.5 ft of HC (ignore pressure exerted by 4 ft of air) 
■ = 1.00 psia 


2.5 ft HC 

0.92 ftH,0 

[ 14.7 psia 


1 ft HC ! 

[33.91 ft HC 


1.00 psia + 20 psia +14,7 psia (barometer assumed) - [35.7 psia | 
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5.15 


Basis: 1.3psia 



Assume the pressure reading is correct, and the barometer reads 101.8 kPa. 
Convert all measurements to a common set of units, say psi 


101.8 kPa 

14.696 psia 


101.3 kPa 


= 14.77 psia for the barometer 


27.38 in Hg 

14,696 psia 


29.92 in Hg 


-13.45 psi for the reading 


(a) If the tank is at less than atmospheric (i.e., a vacuum), then 

14.77-13.45 ® 1.32 psi is a legitimate reading. In other words, 
the reading is 1.3 psi of vacuum but not 1.3 psia (a reading of 
14.77-13.45 - 1.3 psia). 
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(b) If the lank is greater than atmospheric pressure, then 
14.77 + 13.45 = 28.2 psis is a legitimate reading. 

1.3 psia is not correct but the reading is ok. 


5.16 


Basis: 26.2 in Hg vacuum 


(30.4-26.2) in Hg| 

M ' 7 ps,a fVhTTnTn 

P “ - 

29.92 in Hg 1 - 

5 - 17 (29.31-3.53) in Hg 

760 mm Hg gg* ---■ ,.-.1 

P ~ 

29.92 in Hg ~ - ^ 

5 18 

Vacuum Basis: 51 psig 

0 psi 0 vacuum 



51 psi] 


14.7 psi ->735 mm Hg 



atm pressure = 750 mm Hg 


1) Assume the correction to the gauge reading is directly proportional to the 
gauge reading. The correction is 735/760 times the gauge reading, and 
51(735/760) = 49.3 psia 

2) An alternate correction is to assume the needed correction is additive. 
Then the correction is a fixed (760-735)mmHg reduction, or 25 mm Hg. 

The second reading should be 51-251 = 50.5 psig. 

^ 760 ' 
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5.19 



Basis: 31.5kPa 

atmospheric pressure + gauge pressure = absolute 
pressure 

98.2-31.5 = 1667? kPa absolute] 


5.20 Tell him the tank likely will collapse 


12 m H 2 0 

u> 

& 

oo 

o 

GO 

JS 

1 atm 


1 m 

33.91 ft H 2 0 


1.16 atm 


As the tank drains the pressure inside the tank will become much less than the 
outside pressure of 1 atm; unless air is let in it will collapse. The valve may not let 
air in. 


5.21 The pressure of 50 psig is a gauge pressure. 

Basis: 50.0 psig 

50.0 psig 1 


= |l 15 ft. above atmospheric] 


14.7 psi 
lNo.1 Insufficient height 

Alternate solution can be obtained by applying &p - pAhg 
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5.23 Basis: 20 in Hg gauge pressure 

= 9.83 psi 


20 in. Hg 

14.7 psi 


29.92 in. Hg 


740 mm Hg| 14.7 psi 
-|760~mHg = l4 ' 3 PS ’ a 


14.3 - 9.83 
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5.24 


Units for g and p must be cm & cm" p - pgh 



Pressure al M 

Pressure at 1 

Pressure at 2 

Pressure at 3 

Pressure at 5 

Pressure at N 


P M 

Pm+( 30 )(Ph 1 o)s 

Pm+W (PH,o)g + h(p M . 0 )g 

Pressure at 4 

Pm + ( 3 °) (p« ; o)s +h (p HjO )g + 6(p H Jg 

Pm + (30) (Ph 7 o )g +h (Pn,o)g +6 (pH fc )g "6(p Hj0 )g 

p M +(30) 

^(pH^g** P» 


a) Pn “ Pm ^[(30 + ^ ^ ' h)(p H>0 ) +6(p Hg )]g - [Im53 

or 

24(1) + 6(13.6) - |l05.6 cmH 2 0| 

b) [Pn > Pm1 
















outuuuio simpler 7 
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5.25 


Basis: data given 
At 2 and 3 the pressure is the same 

Pa + Pk, gh = Pi + P».g (30) + P„,g^| j 
Ps“P 4 - P 7 so that 
Pa + Pm gh * Ps + P<*g (30) + P„,,g[~j 
Also p, + P„,g(60) = Pa 

Thus: p A + P„, gh = p B - p„,g (60) + p„,g(30) + p„,g(jj 


5 6 7 



Pb ” Pa + Ph, gh + P„»g (60)-p«g(30)- PoiI g^| j 
“Pa + Ph« g h + P«g [ 30_ j] 


MinotMWoi), p - a 7 ^ 00 * 



Basis: Data given in Figure and problem statement 

Use Ap = pgh twice, once for the CCI 4 and oil, and once for the oil and water as 
systems; p cc j 4 * L595g/ cm 3 . 


P A +P^gh v ^ + Pcci 4 ghca, = Pc+PdiSCAh*,) +Pcc u gh c a 4 

Pc + P«,ig(Ah + 7,5) + p Hi0 g(22) 35 p B + Ph,oS^H }0 

To simplify the two equations, neglect p^gh^, Put all of the terms in the units of 
inches of water. Note pjghj = p 2 gh 2 for two different fluids exerting the same 
pressure. 


6.6 psia 

33.91 ft H 2 0 

12 in. 


14.7 psia 

1 ft 


Poilgh 0 j| — 


I 0 7^-Sii 
7.5 itLQil 1^3 

li.ooiS£ 

cm 3 


* 5.3 in. H 2 0 


p Hi 0 gh Hj0 in inches of H,0 is 22 in. H 2 0 
h = 182.7+ S.3 + 22 = felOin. KUO] 
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5.27 The pressure measured by the DP cell is Ap = p liquid gz liquid + p vapor gz vajKJF . 
The pressure is too high by (pvapor gzvapor) and Ap is too high by 

( Pv»porZy< 


Pliquid ^liquid 


+ 1 


5.28 Surface Area 

_ 7iD* (8) 2 m 2 2 

Top: -~ tl- -** 50.3 m 

4 4 

Walls: rcDh - Jc(8niXlOm)= 251.3 m 2 

Total area = 301,6 m- 

, , 0.41 (kPa)° 5 (301,6m 2 ) 

Vented area needed -- - - 

(7.5 kPa) 

- 45.1 m2 

Therefore, the area is I not sufficient] 


5.29 


re¬ 


(420-380) mm H,0 

i mm Hg 


13.56 mm H,0 


12.50 psia 

760 mm Hg 


14.7 psia 

Pg “ 646 - 3- 

-200=0443 
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5.30 


Benzene, 

(Bzr 


Pa • 

i. 


36.3 cm 

A 



p B Benzene .. . 

B ^ (Bz) P c 55 Pa + PbzSL] + PbzS(363) 

+Ph 2 oSL2 

= Pb + PazS^-t+ Ph 2 oS(36-3) 

1 Manometer 
CuidHjO +pH}0gL2 


Pa - Pb = (phjO - Pbz^ 36 ' 6 ) =■ 


(0.997-0.879)g 

980 cm 

136.3 cm 

100 cml 

1 kg 

1 N I 

[ 1 kPa 


s 2 


1 m 1 

llOOO g 

(kgXm)/s 2 j 

|l0 3 N /m 2 


10.42 kPal 


5,31 Equate the pressures at the bottom of the two legs of the manometer at the 
reference plane. 

Left hand leg pressure p CC] , + (2.5 + 1.5)0 590)(9.812)+ h a:l+ 
x (13600(9.812)N/m ? 

Right hand leg pressure p 0 ii + (1.5 + h(800)(9.812)N/m 2 

p ca< + (2.5 + l.5)(1590)(9.812) +h (13600)(9.8I2) - p 0 ,i + (1.5 + h)(800)(9.812) 

Manometer Reading « jl4,6cm of Hg[ 




































5.32 Basis: Data shown in Figure 


l 

L 

Assume densities are as shown ignore temperature effects) 

Pc =Pa + Pa gh, +P Hj0 gh 2 = 15.5 psia + Pc 7 ii lt gh 3 + Pn j0 gh 4 

t 

ignore as gas density is small 



Pa - 15.5 psia + p c , Hit ghj + p Hl0 g(h< -h.) 


(62.4X0.684)lbJ 

,gft| 

10.5 cm 1 

1 in 

I ft 

ft’ 

s 2 


2.54 cm| 

[12 in 



X 


l in | 

1ft 

IIW 1 

fifty 

2.54 cm | 

12 in 

32.2 (lb '", )ft) l 

S' 

U2inJ 


= 15.69 psia 


15.69 -14.69 = fi.Opsig} 
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5.34 





The pressure at BG is 


i pstg -• 


720 mm Hg 

14.7 psia 


760 tnm Hg 


= 47.0 psi 


47.0 psia 

101.3 kPa 


14.7 psia 


= 324 kPa 


px - 7in. oil + 27 in. Hg 


pr= 31”oil = p B 
PGbs + 16 in. oil = py 

poas ” 324 kPa - 7 in. oil- 27 in. Hg + 31 in oil - 16 in. oil 
- 324 kPa + 8 in oil - 27 in Hg 
Convert in. oil and in. Hg to kPa 
poas = 324 + 1.59-91= 1235 kPal 
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6.1 


Basis: 1 minute 

Accumulation (kv) In (kg) Out (kg) 



= 

300 + 100 

- 380 


n finaJ ~ 

20 kg 


20 kg 

60 min 

= j 1200 kgj 


min 

1 hr 



6.2 

Basis: 600 kg solution 

Accumulation (kg) In (krt Qm (kg) 

n r«uj - 100 + 500 - 300 

n &ui “ 300 kg if no water evaporates in which case less than 300 kg 
would remain 


6.3 

(«> Exoil 


6.4 

Basis: 1 hr 

Overall material balance (kg): 13,500 + 26,300 ? 39,800 
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Yes. The balance is satisfied 

NaCl balance: 0.25 (13,500)+ 0.05 (26,300) 70.118(39,800) 

4690 = 4696 

The balance is closely satisfied but not exactly. 

The closure is good for industrial practice. 


6.5 

Based on the process measurements, there are 5,000 lb/h more flow for the 
process leaving the heat exchanger than the feed rate to the heat exchanger; therefore, the 
material balance for the process fluid does not close. The reason for this discrepancy 
could be faulty flow sensor readings or possibly a leak of the condensate or steam into the 
process stream. 


6.6 

Basis: 1 hour 

The overall material balance is 

In (lb) Out (lb) 

106,000 ? 74,000 + 34,000 * 108,000 

The error in the overall material balance is 2000 lb/h or 1.9%; therefore, the overall 
material balance is within the expected error for industrial flow sensors. 

Propylene balance: 0.7x 106,000 ? (0.997) (74,000) + (0.1) (34,000) 

74,200 7 73,778 + 3,400 =* 77,178 (3.8% error) 

Propane balance: 0.4x 106,000 2 (0.003) (74,000) + (0.9) (34,000) 

31,800 ? 222 + 30,600 = 30,622 (3.8% error) 

Note that the relative error for the component balances are twice as large as the relative 
error for the overall material balance, indicating that there is additional error in the 
composition measurements used for the component balances. 
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6.7 

Basis: Data shown on flowsheet units are MTA 


Out 


404 

xlO 3 

228 

xlO 3 

152 

xlO 3 

101 

X l© 3 

67 

xlO 3 

36 

xlO 3 

100 

xl0> 

1190 

xlO 3 

2,278 x 

: 10* 


[mass indoes not equal tomassouT] 

Reasons: (i) Some of the material was burned as fuel 

(2) Some of the material formed gases that were exhausted to atmosphere 
(such as HjO, CO 2 ). 

(3) errors in measurement. 


(4) Some process streams are not shown. 


6.8 


In = 250,000 ton/yr. 

Out = 244,500 ton/yr. 

In (ton/vr) 

Out (ton/vr) 

250,000 

Combustibles 3,800 


Combustibles 39,500 


Polyethylene 30,000 


Polystyrene 5,000 


PVC 40,000 I 
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Acrylonitorilc 

20,000 

DB 

8.000 

Phenol 

10,000 

Acetone 

5,750 

Rubber 

10,000 

LPG 

24,000 

Aromatics 

48.000 

Total 

244,050 

Balance is not exact but very good for an operating plant. 


6.9 

Basis: i week 

in (tons) = 920 + 0.6 “ 920.6 

out (tons) - 3.8 + 620 + 0.01 + 0.01 + 0.08 + 1.1 + 275 + 20 = 920 

ExH 


6.10 

Boundary: 

Around both pumps and include the soil at the end of the pipes. 

It's an open system. 

It’s at steady-state except at startup (note system boundary limits fluid), or 
if fluid enters, unsteady state. 

6.11 Either open (flow) or closed (batch) is acceptable if explanation is given 

a) 

flow - material comes in and out continuously over a suitably long 
period of time 

(2) 

batch - material is injected into the system, and then in a short period 
of time, a reaction occurs with the system valves closed. 
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6,12 

a) closed 

b) open 

c) open 

d) closed 


6.13 

The system is the radiator. 





Ooen Svstem 

Closed System 

Steady-State 

Unsteady State 

a) 

X 



X 

b) 

X 



X 

c) 

X (Before filling) 

X (After filling) 

X (After filling) 

X (Before Filling) 

d) 


X 

X 



6.24 

(a) open if you have to replace water, and water evaporates; otherwise dosed 

(b) open 
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6.15 



contains 
ice + H 2 0 


boundary 


(c) Unsteady state for any assumptions 


bl 

> assume water (melted ice) leaves 


the system 


open 

flow 


bl 

a > assume water stays in sytem because the ice and water 
remain on melting 


closed 

batch 


6.16 
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6.17 If the overall flows in and out over a time period for several batches are 
considered, and the local batches ignore, the process can be treated as continuous. 


6.18 (a) water and air. 

(b) Insulation, air and what is in the atmosphere. 

(c) Yes (cold water in, hot water out) 

(d) Yes 


6.19 

If a reaction occurs, some of the entering moles will be used up, and new ones 
produced that exit but did not enter. 


6.20 

The density of the crystalline silicon in the cylinder is 2.4 g/cm 3 . 

Basis: 62 kg silicon 

The system is the melt, and there is no generation or consumption. Let Am, be the 
accumulation. 


Accumulation 

Ami 


Innut 

0 


Output 
0.5(62 kg) 


jAm L —31 kg) 

Let / be the time in minutes to remove one-half of the silicon 


2.4 g 

7t( 17.5cm) 2 

|0.3 cm If min 

cm 3 

4 

| min | 


: -(62,000 g) 


ft = 179 min] 
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Basis: 100 kg wet sludge 

The system is the thickener (an open system), No accumulation, generation, or 
consumption occur. The total mass balance is 

In __Out_ 

100 kg 70 kg -5- kg of water 


Consequently, the water amounts to |30 kg.| 

-i 


6.22 

1, 

2, 

(a) (b) (c) (d) (e) <f) (g) 

X X 

X X 

3. 

4. 

X X 

Depends on the time period considered 

5, 

6. 

X X 

XX X 

_ .. i 

7. 

x x j 

6.23 

If the overall flows in and out over a time period for several batches are 

considered, and the local batches ignore, the process can be treated as continuous. 

6.24 

It depends on the process of interest - no fixed answer can be given. 
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7.1 


Four balances are possible, 3 component plus 1 total. 

0.10F, + 0.50F 2 +0.20Fj = 0.35P 
0.20F, + OF, +0.30F 3 = 0.10P 
O.70F, + 0,5OF 2 +0.50Fj - 0.55P 

Total balance Fi + Fj +F 3 = P 

Only 3 of the equations are independent. 


7.2 

if you specify F, P, W, you can calculate all of the stream variables. 

a) Unknown: [three) stream values F, P, W (plus two compositions if you take into 
account all of the variables). 

b) The two known compositions are not given but may be calculated from Ix t = 1 , 

c) Two compon ents exist, hence two independent material balances can be written. 
The problem (cannot be solved! unless one stream value is specified. 


73 

(a) [No] The equations have no solution - they are parallel lines. 


The rank of the coefficient matrix is only 1 because the 
fl 2’ 

% 2J- 0 


The rank of the augmented matrix is 2 
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Largest non zero det. of 



is of order 2 


Thus, although the 2 equations are independent and the number of variables is 2 
(the necessary conditions), the sufficient conditions are not met. 


x 2 



x l 


(b) 



( x \ “ 1/ + fa - l/ = 0 

No; 2 solutions 

The equations are independent 


+x 2 = 1 


Two solutions exist as can be seen from the plot hence no unique solution exists. 


7.4 The number of independent equations is just 3. The number of unknown 
quantities is 3, hence a unique solution is possible. 
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<dV 0-30 
co V? 

<o A 3= 0.20 

Unknowns (4): <a/,<u, A , < 2 >,*, a/ 


Equations: 
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Mass balances: 

(1) : F(0.10) + A(0.30) = P(O.I75) 

or 10(0.10) + 6(0,30) - 16(0.175) 

(2) : F(<y, F ) + A (<<)/') =P(ai/) 

or 

10(*/) +6(<y, A ) - 16 {w 2 P ) 

(3): 

F(0) 

+A(0.20) “P(©, r ) 

or 

10(0) 

+ 6(0.20) = 16(<a, r ) 

0)J, 

<y 2 A ,ai,\<y } T 


to 

6 -16 0 

coefT. matrix 

0 

0 -0 16 


redundant 


Two independent material balances exist (the rank of the coefficient matrix is 2 ). 
In addition three sum of mole fraction equations exist. The total number of equations is 
5, hence the degrees of freedom = -1. The problem is overspecified, and will require a 
least squares solution. 


7.8 

Examine the row of C^Hr. None of the concentrations are greater than the desired 50% so 
50% is not achieveable by any combination of A, B, or C. Or look at the CH 4 row. 



A 

B 

c 

D 

Basis: D =100 lb 

X) 

X2 

X3 



' 5.0 

0 

0 : 

1.4 


90.0 

10.0 

0 i 

31.2 

Coefficient matrix is 

5.0 

85.0 

8.0 f 

53.4 


0 

5.0 

80.0 i 

12.6 


0 

0 

12.0 : 

14 


continued 
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No unique solution exists with 5 equations and 4 variables. A least squares solution 
could be determined, or the 4 equations with the most accurate data solved. 

The rank of the coefficient matrix is 3 

The rank of the augmented matrix is 4 

Hence [no unique solution exists] 


7,10 

You can see by inspection that no combination of tanks 1,2 and 3 will give a mole 
fraction of 0.52 for the mixture. 

Basis: 2.50 mol of tank 4 

Let Xj = be the total moles of tank i 

0.23xi + 0 . 20 x 2 + 0 . 54 x 3 « 0.25(2.5) = 0.625 
The balances are 0.36x t + 0.33x 2 + 0.27x 3 = 0.23(2.5) = 0.575 
0.41xi + 0.47X2 + 0.19x3 - 0.52(2.5) = 1.300 

The coefficient matrix has a rank of 3 as does the augmented matrix so the set of 
equations has a solution. However, the solution is 

x|"=~-4.00 

Xj ~ 6.36 
x 3 =-0.327 

The values of xjand X 3 are not physically realizable! 
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7 .11 Number of unknowns: 


F, W, P and 9 compositions: 12 

Equations 

Specifications: Xr F = 0 ( 

Sum of mole fractions - 1 3 

Material balances (3 species) 3 2 

Degrees of freedom - 5 


You can make any set of measurements that results in independent equations (assuming 
equal accuracy). For example, you cannot use all the flows, or all the compositions in 
one stream, as the resulting set of material balances will not consist of 5 independent 
balances, but a lesser number. 


7.12 

The inerts are treated as a compound. 




Unknowns: 5 compounds x 5 streams plus 5 streams = 

30 


Equations: Specifications: 




Concentrations not shown in diagram nicnmod 



to be zero 

8 



Concentrations with % given 

E - 11 kg 

7 

i 



Material balances: 5 

5 



Imnlicit eauations (Ym = n 

5 

26 

a. 

Degrees of freedom (additional specifications) * 


4 


You must make 4 measurements that result in independent equations 

[b. 

No. 
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7,13 



© 


b. The remaining gas is 100% minus the N 2 , and was put on the figure as R. 

c. Basis: 100 mol A 


d. Unknowns: A, B.C 

Equations: N 2 and R material balances 
Basis" A - 100mol 

Note: You could treat the values of R as unknowns in each stream, 
and then there would be 3 more unknowns and 3 more independent 
equations (Lx, = 1 or Lnij «total mass flow t ) 


e.&f. N 2 : 100(0.90) + B(0.30) = C(0,65) 

R: 100(0.10) + B(0.70) = C(0.35) 

Total: 100+B =C 


Two of the above equations are independent 
Solution: B = 71.4 mol C~ 171.4 mol 

B 71.4 - 
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7.14 

a. 



T tCOtfHiO 

F 

Drier 

P 

kfcfer 26- 

1 ’ A 

'Water 

nr 71 n 


DT 


DT = dry timber 

b. The DT is the balance of each stream. 


c. Basis: F = 100 kg 

d. Unknowns : F,W,P OR 

Equations : 

Basis: F ~ 100 kg 
Material Balances: Water, DT 
(total); 2 independent 


Degrees of freedom = 0 


F, W, P, DT f , DT w , DT p , H 2 O f , 

h 2 o p , h,o* 

Equations : 

F = 100 kg 

Material Balances: Water, DT, 
(total); 2 independent 
Specifications: 3 for water 
Implicit equations: 3 of = 1 
Degrees of freedom = 0 


e.&f. Introducing the specifications and basis into the material balances: 
Water: (0.201) 100 = (1 )\V + (0.086)P 

DT: (0.80) 100 =0 +(0.914)P a tie element 

Total: 100 = W + P 


W= 12.5 kg P = 87.5 kg 

— . = jo.l25kgflcg[ 

F 100 kg - - SLa 
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7.15 


a.&b. 


mol, fr. 

n 2 0.70 

CH 4 

AN, 1.00 

CH„ 

Sr 

or 

fl CH, X CH< 

—L 


p 

n C,H* X C,H* 

n„. x.. 

1.00 


A 



“n. 


Ib 

C& 

0.90 

0.10 

LOO 

I = P 2-1.00 



Basis: B-100 mol 
Unknowns : 

Assume all of the variables except those that are specified as zero are 
included in the analysis. 


F 

A 

P 

B 


stream variable 

t 


component variables 

2 
1 
3 
2 
8 


Equations : 

Basis: 

Material balances: N 2 , CR*. 
Specified ratio: n c(i< /n CjHt = 1.3 
Specified values ofn: 2 + l + 0 + 2 = 
Implicit equations (Zx { =1 in P) 

(Note: the implicit equations of streams 
F, A, and B are redundant with the 
specifications) 

Total 

Degrees of freedom = 


12 

1 

3 

1 

5 

1 


11 


More information is needed to solve the problem uniquely. 
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7.16 

Here are some possibilities. Consult the tables at the end of the Chapter for more 
suggestions. 

1. Rephrase the problem to make sure you understand it? 

2. Draw a simple diagram of what was happening? 

3. Think about what was going into the tank and what was coining out? 

4. Imagine yourself inside the tank, and ask what was going on around you? 

5. Ask whether there were any physical laws to consider (such as conservation 
of matter or energy)? 

6. Tiy to imagine the answer as a number, graph, table, or whatever? 

7. Try to identify essential variables? 

8. Choose a notation? 

9. Look for a ready-made formula for the answer? 

10. Look for simplifying assumptions? 

11. Try to find an easier version of the problem? 

12. Look for bounds (simple models that would definitely underestimate 
or overestimate the answer)? 
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8.1 


Basis; 100 leg cucumbers 
P -100 = evaporated 



Initial 

Ernim 

Evaporated 

Cucumber 

1kg 

2% 

- 

Water 

99 ke 

98% 

100% 


100 kg 

100% 

100% 


Cucumber balance: 0.02P—0.01(100) — 0 

P= [5 0kg I Answer ii 


8.2 

Initial 

Final 


plant 5 ppm 


Plant 755 ppm 


soil 6 ppm 


Soil 5 ppm 


Final -Initial 
Arsenic balance: S (5) - S(6) = 


750P - S or ^ [ 


Final - Initial 
P(755) -P(5) 
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8.3 Step 5: Basis is 1 ton (2000 IKi sludge 


Steps 1.2.3.4: 



Sludge 


Dried Sludge 

p * 

F * 

Drier 

0.70 H 2 0 

^ 0 25 H<>0 

0.30 Solids 

|w 

0.75 Solids 

1.00 

▼ 

h 2 o 

1.00 


1.00 


Steps 6 and 7: 


Basis: 2000 lb F 

Balances: H 2 0 

Unknowns 

: P,W 

Solids 



Steps 8 and 9: 



Total: 2000 - P + W 



Solids: 2000 (0.30) = P (0.75) 


P - 800 lb 

W 

= 2000-800 = [1200 lbl 




































Solutions Chapter 8 


8.4 Step 5 ; 


Basis: l min 


3 , 4 : 


220 mL B _ | IV 215 mL 


Urea 2.30 mg/mL j - 1.70 mg/mL 

H z O 220mL p H 2 0 215mL 


Steps_6_and_7: Unknowns: m r u «* and m P H 2 o with two equations: urea and H 2 0. 
Degrees of freedom = 0. 

Steps 8 and 9 : 

(a) H 2 0balance: 220mL -215mL = |5mLl 


2.30 mg 

220 mL 

mL 



1.70 mg 1 215 mL 
mL 


(b) Dialisate: 1500 4- 5 = 1505 mL 
Urea: 141 mg 

Concentration: 141/1505 [0.0934 mg/mL] 
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Step 5 : Basis: 1 day 

Steps 2.3.4 : 


F=2ton 

niassfr 
NaOH 0.03 
H 2 0 0,92 

1.00 


i 

W ton 

1.00 H 2 0 





Mass fr . 

P (ton) NaOH 0.18 
H 2 0 m 
LOO 


Step 6 : Unknowns, 2: P, W 

Step_7 : Balances 2: NaOH, H 2 0, total (2 of the 3) 

Steps 8 & 9 : 

Total: 2 = W+ P 
NaOH: 2(.03) = P(.18) 

P - 1/3 ton 
(666 lb) 


W = l 2/3 ton 
(3334 lb) 
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8,6 Steps 2,3,4 : 

A 

20% solution 


Step 5 ; 

Basis: 3000 lb of final product 

Sleps6_and_7 : Unknowns: A and S; balances: total and polymer 

Steps 8 and 9 : 

Total wt A + S + 500 - 3000 
A S = 2500 

Polymer 0.2A + 50 = 390 

A = 5 (340) = frroo) 

S = 2500 - 1700- 15551 


500 lb 10% solution 


JL 

T 


3000 tb 
13% polymer 


pure solvent 
S 
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8.7 

Steps 1 . 2 .3 and 4: 



N = nitrocellulose 

S - solvent 

Treat the problem as a steady state flow 
problem, or as an unsteady state batch 
system. As a flow system: 

M (lb) N 100% 



t 

Mass fr. 

F(!b) 

Plant 

P 10001b N 0.08 

N 0.055 

1.00 

S 0.945 

J .000 


Step 5: Basis: 1000 lb P 


Steps 6 and 7: Two unknowns. F and M. Two balances can be made, N and S 

Steps 8 and 9: 


Solve to get 

N; F(0.055)+M(1.00)= 1000(0.008) ^973 5lb 

S: F(9.045)+M(0)=1000(0.92) | M=26.51b 



J P^ 1000.0 Jb 
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8,8 


Step 5 : 
Step 4: 


F - 100 kg mol/min 


M QUL 
CH, 0.80 
He 0.20 


System 


LOO 


W (kg mol) CH 4 n, 
He 


Mol. 


CH 4 

n Hc 


P (kg m ol) 


Mol ft. 
CH. 0.50 
He 4 0.50 


1.00 


Basis 1 min 100 kg mol F 


To get P, calculate first the average mol. wt. of F and P, or transform the 
mole fractions to mass fractions. 


Step 5: 

Basis: 

LOO mol F 




Mol 


MW 

U 

CH 4 

0.80 


16.03 

12.8 

He 

0.20 


4 

_08 


LOO 



13.6 


Basis 

: LOO mol P 




Mol 


MW 


CH 4 

0.50 


16.03 

8.01 

He 

0.50 


4 

_1Q 


LOO 



10.01 


100 kg mol F 

13,6kgF 

0.20kgpjlkgmolP 




1.00 kg mol F 

IkgF (10.01 kgP 



(continued) 
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P =* 27.2 kg mol 

Steps 6.7. 8 and 9: 




100(0.80) = 27.2(0.50) +nc 1 

n CH, 

Mol 

66.4 

In W 

Mol.fr. 

0.912 

100(0.20) = 27.2(0.50)+n He j 

n H t 

6.4 

0.088 



72.8 

ra~ 


8.9 


Fermenter 
40% void 

F i 

Separator 

p 2 ^ 

60% cell 
volume 

discharge 

-w 

wet cell 
75%H 2 0 

25 % diy cell 




Iw, 


100% HjO 


Basis: 1000 cm 3 Fi 


Dry cells - 


1000cm 3 in fermenter 

60 cm 3 cell 1 

1 Ugceli 1 

[25gsoIids 


100 cm 3 in fermenter] 

1cm 3 cell| 

| lOOgcell 


|g 16.5 gDiy cell / 1000cm 3 in fermenter | 
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8.10 

a. Basis; 1 kg mole of mixture 
Three components exist: (CH 4 ) X . (C 2 H 6 ) X , (CjHg)* 

Let A, B, C respectively represent kg mol of each mixture; these are the unknows. 


Equations: 

0.25A + 0.35B + 0.55C = 0.30 (CH 4 ) X balance 

0.35A + 0.20B + 0.40C = 0.30 (C 2 H6> X balance 

0.40A + 0.45B + 0.05C = 0.40 (C 3 H 8 ) X balance 


There is a unique solution to the set of equations (in kg mol) 

The solution is |A = 0.600 B = 0.350 0 = 0.051 

b. it is proposed to prepare the final mixture by blending four different compounds (A, 

B, C, D); there will still be three equations, but now there will be four unknowns. Since 
the rank is now' less than n, there will be an infinite number of possible blends of the four 
mixtures. Not required: (An optimization of a revenue function sub ject to the equations 
is needed.) 
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8.11 

a. 


ch 4 ioo% . 

(MW = 16) 


100% CO; 


F = ? 
(lb) 


100 lb = 2.27 lb iiidI 


P(lb) = 

cn A 

co 2 


m ol ft. 

0.9796 

0.020 4 (average) 

T.oocf 


Steps 2.3,4 : 


100 lb 

1 lb mol 


44 lb 


= 2.27 lb mol 


Step 5 : Basis 1 min 
Step 6 : Unknowns: F, P 
Sten 7 : Balances: CH 4 > C0 2 


Balances in moles 


CH 4 : F (1.00) + A(0) - P (0.9796) 

C0 2 : F (0) + 2.27 - P (0.0204) P= 111.41 lb mol 


111.27 lb mol 

0.9796 lb mol CH 4 

16 lb CH,, 


1 lb mol P 

1 lbmolCH< 


~ 11746 Ib/min I (a) 


b. Redo the problem with a new composition for F: 

CH 4 0.99 
C0 2 0.01 
1.00 


(continued) 
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CH 4 : F (0.99) + A(0)-P(0.9796)\ . 

CO,: F( 0 . 01 ) + 2.72 = P(0.0204)J F ~ 3520 b/ml " 


eTOr ^ 100 = &b) 


8.12 


Steps 1,2. 3. and 4 : 


NH 3 723 kg/min for 12 min 


F(kg) 


Mass fr. 
NH 3 0 
gas 1.00 


i 


Pipeline 


?(kg) 


NH, 


Mass fr. 

0.00382 

0.99618 

1.00 


1.00 

Step 5 : Basis: 1 min 


Steps 6 and 7 : 


Two unknown, F and P. Two balances can be made, NH 3 and gas. 
You can use the total balance as a substitute. 


Total 


F + 72.3 = P 
NH 3 F (0) + 72.3 = P (0.00382) 

[P=18,900 kg/min) 

SlPB. Hfc Check using the gas balance 


F ~ 18 t 900kg/min or 1.14 x 10 6 kg/hr 
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8.13 

Steps L2, 3. and 4 : 


Mass fr. 
H 2 0 1.00 
Br 0 
1.00 


lOlb/hr 


Step 5: Basis: 1 hr 


Step 6 : Unknowns: 

F, P 

Step 7: Balances: 

H 2 0, Br 

Total: 

F+ 10 - 

Br: 

F (0)+ 10 

H 2 0: 

F (1.00) + 0 


± 


Mass fr. 
HjO 1-0.00012 
>P Br 0.00012 


1.00 


P (0.00012) ; P - 8.33 x 1 0* lb/hr 

P(l-.00012) _ 

|F^= 8.33x 10 4 -10 = 8,33 x|Q 4 lb/ hr| 
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8.14 Step 5 : Basis: l year 


Steps 2. 3.4 : 


F = ? lb - 

mass fr. 
PET 0.98 
PVC 0.02 
1.00 


| 

▼ W 

PVC 100% 


Steps 6 and 7 : 

Two unknowns: F, W Two balances: PET, PVC 
Steps 8 and 9 : 

PET balance: F (.98) = P (.999990) = 15 x10'’ 

PVC balance: F (.02) = W (1.00) + P (0.000010) 

= W + (15 x 10 6 (10 J ) 

Total balance could be used in lieu of one of the above 
F= 15 x 10 6 +W 
From PET: Fs 15.3 x 10 6 lb 

W = (I5.3 x 10 6 ) (0.02)- 15 x I0 6 (T0 S ) = [oil x 10‘ lb| 


| 


= 15 xlO* ib 

mass ft - . 

PET 0.999990 
PVC 0.000010 

O0 ppm) 
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8,15 

Basis. 300 g initial solution 

MW Na, SO, 

•10H,O is 322.2 

(a) 

In £ MW c mol 

Out 

g„ 

g mol 

Na ? S0 4 100 142.05 0.704 

H 2 0 200 18.016 11.10 

Na,S0 4 *10H,O 

100 

0.310 


Material balances in g mol (in = out): 

g mol 




Na 2 S0 4 : 0.704 = 0.310+ n Na?SOi 

n Ni 3 so< =0-394 

55.97 

28 


H,0: 11.10 = 0.310 (10) + n H?0 

n H 3 0 = 

144.1 

72 



Total 8.394 

200.07 

100 


Mother liquor: [Na ? SO, is 28% and hToTs^72%] 


(b) 


100 g crystals 

100 g solution 

300 g solution 



[33 3 g crystals/100 g initial soln.| 
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8.16 Assume steady state flow problem (alternate is unsteady state batch problem). 
Steps 1-4 : 


lOOg 


200gH 2 O 

1.00 


Na 2 B 4 07 

Too 


P j (g) 

f Na 2 B 4 O 7 '10H 2 O 


Norxn. 

No accum. 


F(g) 

Final solution 

mol fr. 
Na 2 B 4 0 7 0.124 
H 2 0 0,876 

1.000 


Calculate composition of P : Basis: 100 mol Na 2 B 4 0 7 .10 H 2 0 



mi 

MW 

g~ 

mol fr. 

Na 2 B 4 0 7 

t 

201.27 

201.27 

0.528 

h 2 o 

10 

18 

180.0 

381.27 

0.472 

1.00 


StepS : 
Step 6 : 

Step 7 : 

Step 8 : 


Basis: 200 g H 2 0 + 100 gNa 2 B 4 O 7 

Unknowns: F, B 

balances: Na 2 B 4 0 7 , H 2 0 

Na ? B<0 7 : 100 = P (0.528) + F (0.124) 1 

H,0: 200 - P (0.472) 4- F (0.876)] 2 “ 6Pt ' 


Step 9: 


Total: 100 + 200-P + F 

Use H 2 0 and Total to get P = 155.5g and F - 144.5 g 

ratio: — : — (100) - 


51.8 g Na>B 4 Q 7 /100 g H,0 
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Step 10 : Check use Na 2 B 4 (>7 

100.0=100,0 ok 


8.17 Assume the process is a steady state one without reactions. 
Steps 1.2.3.4 : 


F| 


FcC1 3 -6H 2 0 

tOOOkg 


FeCl r H 2 0 


-► FeCt 3 -2.5H 2 0 

P 


FeCIi 

162,22 

FeCl 3 .6H 2 0 

270.32 

FeCl 3 .H 2 0 

180.24 

FeClj.2.5 H 2 0 

207.26 

h 2 o 

18.02 


Calculate the compositions for just one iron compound. FeCh is the simplest to use. 


For Fit Basis: 1kg mol 

For F 2 : Basis: t kg mol 


FeCV*H t O 



FeCl,lH,0 



ke mol 

MW 

kg 

kgjnoi 

MW 

kg 

FeCU 1 

162.22 

162.22 

FeClj l 

162.22 

162.22 

H 2 0 6 

18.03 

108.18 

H 2 0 1 

18.03 

18.03 



270.40 



180.25 

For P Basis: l kg mol 





kgjnoi 


MW 

kg 



FeClj 1 


162.22 

162.22 



H 2 0 2.5 


18.03 

45M 






207.30 


(continued) 
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Sten 5 : Basis: 1000 kg FeCl 3 .6H ? 0 
Step 6 : Unknowns P, F 
Step 7. 8. 9 : Balances (kg) 


fN 


FeCh: 1000 


162.22 1 
270,40 j 


+ F, 


f l 62.22 ^ 
1 180.25 J 


OUT 

162.22 

207.30 


Total: 1000 + F 2 “P 


soln 


F;-1555.7 kg 
P ^ 2555.7 kg 


kgFeCI, 
kg tot 


Step 10 : Check: F 2 + F, = 1554.5 + 1000 = 2554.5 ok 
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8.18 Steps 2.3. 4 : 


Swum 



The process can be viewed as an unsteady process without reaction, or as a flow process. 
Step 5 : Take as a basis 100 g of Ba(NOi) 3 . 


The maximum solubility of Ba(N0 3 );> in H 2 0 at 100°C is a saturated solution, 34 g/100 g 
ofH 2 0. Thus the amount of water required at 100°C is 

= 294,1 g H,0 

34gBa(N0 3 )J 

If the 100°C solution is cooled to 0°C, the Ba(NOj >2 solution will still be saturated so that 
the composition of the final solution is 


mass fr. 


5 

1004 5 


= 0.0476 


Ba(N0 3 ) 2 : 


(continued) 
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WaO* 

100 

- 0.9524 


100+5 

The composition of the crystals is 


Ba(N0 3 ) 2 : 

100 

-0.9615 

100 + 4 

H 2 0: 

4 

-0.0385 

100+4 


The composition of the original solution is 


mass fr . 

BaN0 3 lOOg 0.254 

H 2 0 294. lg 0.746 


Steps 6 and 7 : 

We have two unknowns, F and C, and can make two independent mass balances so that 
the problem has a unique solution. 

Steps 8 and 9 : 


Transport through 

Balance Final solution Initial solution boundary (out) 

Ba(N0 3 ) 2 : F(0.0476) - 100 = -C(0.9615) 

H 2 0: F(0.9524) - 294.1 - -C(0.03$5) 

Total: F -(100 + 294.1) - -C 

Solve the Ba(N0 3 ) 2 and total balance to get 

F-305.2 g C= 88.89 g 

Step 10 : Check using the water balance 


305.2(0.9524)-294.1 ? -88.89(0.0385) 


Solutions Chapter8 
- 3.42=* -3.42 


The Ba(N0 3 )2 that precipitates out on adrvbasis is 


88.89 gC 

0.9615 g Ba(NO,) 3 


ig c 


- [85.5 g Ba(NO^)7 


8,19 


M.W. Na,S,Q=142 

M.W. Na 2 S 2 0 2 < 5H,0“ 232 I H Q W i 

▼ 2 said soln 



S 1.4)bNa 2 S 2 0 2 *5H 2 0 
—► 1 lb H 2 0 
? lb impurity 


Na 2 S 2 0 2 - 5H 2 0 
crystals_ 

0.06 lb satd. soln/lb crystals 


Na 2 S,0 2 ’ 5H 2 0 

0.1 % impurity dgedcyrstals 


Process 11 Compositions: 


0% H 2 0asH 2 0 


a) Stream D Basis: 1 lb mol Na2S 2 0 2 * 5 H 2 0, impurity free 


Comp, lb mol 

mol wt 

lb 

wt fr 


Na2S 2 0 2 

1 t42 


142 

0.612 

H 2 0 

5 18 


90 

0.388 

Total 

6 


232 

1.000 

(continued) 
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Basis: 100 lb D (NsjSjCfc- 5 HjO 

~ 99.9 lb) 

Comp. 

Jb 


Na2$202 

99(0.612) 

61.1 

H 2 0 

99(0.388) 

38.8 

impurity 


0.1 

Total 


100.0 


£omp, 

Na2$2C>2 

h 2 o 

impurity 


Stream C Let y = lb impurity/ 1 00 lb free water in saturated solution 
Basis: 100 lb dry crystals, impurity free 

lb from dry + lb from adhering soln 
crystals from calculation below - Total 


61.2 


38.8 


( 6 : 


/ *5.7 > 

61.2 + 6 ■ 

V 

A 240 + yJ 

( 154.3 'j 

1 3XR + fj 

\240 + w 

| 38.8 + ^- 

/■ y ') 

i r 

A 240 + y) 

1 li 


85.7 1 


240 + yJ 




Totals 

100.0 

6 


106 

Stream S Basis: 100 lb free water in satd. soln.. impurity free 

Comp. 

lb from salt lb from free water Total 

wt. fr. 

wt.fr. total 

Na 2 S 2 0 2 

1.4(61,2) = 85.68 


85.7 

0.357 _iii_ 

(240 + y) 

H 2 O 

1.4(38.8) = 54.32 

100 

154.3 

0.643 154 ' 3 ' 

(240+ y) 


140.00 

100 

240.0 

1.000 


impurity 

Total 
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y 

240+ y 


Basis: 100 lb F 

(Rather than use the impurity balance, use the total balance instead if you want) 
Water in, Wj, comes from balances on Unit I, 

Total: 100+Wi=S + C 



Unknowns: W-,S,C,y 
Total:4 


Balances on Unit II needed as well because 4 unknowns exist. 

Total: C = W 0 +D 


Na 2 S 3 0, 

Hp 



Unknowns: W 0 ,D 
Total: 2 


6 equations and 6 unknowns 


Note that the complex term involving y can be eliminated to solve for D, Wo, W^ and S T 
i.e., in (continued) 
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effect making total Na 2 S 202 and H 2 O balances overall the process. 
The solution is [(a)W t - 23.341b) |(b)66.5%[ 


8.20 


Basis: 100 lb pulp as received 


Comp lb=*% 

H 2 0 22 


Pulp 

Total 


m . . $1.00 20001b 

-2% Freight cost =--=$20.00/ton 


100 lb| 1 ton 


100 


Assume air dried pulp means the 12 % moisture pulp. 


78 !b pulp 

12 lb H,0 


88 lb pulp 


= 10.65 lb H,0 


Pulp on contract basis = 78 + 10.65 = 88.65 lb 
Basis: 1 ton pulp as received 


- 88.65 lb 12% pulp recti 

1 ton shipped 

$60.00, 

100 lb shipped 


1 ton 


8.21 You pay for soap plus transportation. 

Basis: 100 kg soap with 30% water 
Convert soap in wet soap to soap in dry soap. Data: 


(continued) 
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W (wet soap) Dfdrv soap) 

H 2 0 30 kg 5 % 

soap 70 kg 95 % 

100 kg 100 

Soap balance: 0.70W * 0.95D or 0.70( 100) = 0.95D 

D - 73.68 kg of which 70 kg is soap 

Cost of W at your site (containing 70 kg soap): 1 00 ($0.30 + - $35 05 

100 

Cost of D at your site (containing 70 kg soap): 73.68 f — + = $35 0 5 

i,kg 100 ) 

|x = $0.43/kg[ 

8.22 

The problem here is to decide on the balances to make. Not all will be indept 
balances. 

Steps 1.2. 3. and 4 : 


(continued) 





































Solutions Chapter 8 


F = 100 lb 


Mass.fr, 
H 2 0 0.124 
VM 0.166 
C 0.575 
Ash 0.135 
1.000 


Mixer 


4 


H(lb) 


P* Ob) 


Mass fr. 
VM 0.082 
C 0.887 
H>0 0.031 
1.000 


H 2 0 

VM 

C 

Ash 


Masait 

0.10u 

®VM 

t»c 

0.10 

1.00 


Mass. 

m H 2 0 
m VM 

m c 

m A5h 

p 


Step 5 : Basis: F ~ 100 lb 

Stegj6: Unknowns: m Hl0 , m V M, me, m A sh, H (6) 

Step 7 : Balances: H 2 O, VM, C, Ash, Zm\ = P, m HT0 /P = 0.10 

m Asl/P - 0,10: (7), and presumably 6 are independent 

Steps 8 and 9 : 


in_ Out 


H 2 0 (lb): 

100 (0.124) + H (0.082) 

= 

m HiO 

VM :(Ib) 

100(0.166) + H (0.082) 


mvM 

C (lb): 

100 (0.575)+ H (0.887) 

= 

me 

Ash (lb) 

100 (0.135) + H(0) 

= 

m Ash 

Total 

100 + H 


P 


Solution: 


m Ash — 




13.5 lb 


(continued) 


Solutions Chapter 8 


Not all of the equations have to be written down as above. Note that ash is a tie element 
to P, so that the ash balance gives 

100(0.135)+ H(0) = P(0.10) 

P = 135 lb and m A ,b= 13.51b 

From a total balance 


H+ 100 = P Ih = 35 lbl 


Step 10: Check via H*>0 balance 


12.4+ 35(0.031)= 13.5' 
13.49 =13.5 

ok 
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8.23 Step 5 : Basis; 1 day 
Steps 2.3. and 4 : 


C 3 

i-C 4 

n-C 4 

C 5 + 


% D 

1.9 

51.6 F=5804 

46.0 -** 

0.5 kg mol/day 

loo.o“ 


—\ 


Steps 6 and 7 : 


C 3 

i-C 4 

n-C 4 


_% _ 

3.4 
95.7 
_09 

100.0 


% 

i-C U 

n-C 4 97.6 

C s + _U 

100.0 


There are two unknowns, and we have 4 independent equations, but the precision of 
measurement is not the same in each equation, hence different results are obtained 
depending on the equations used. Choose the most accurate to use. 


In Out 


C 3 (0.019X5804)- 

110 

= 

0.034D 

i-C<t 

2992 

= 

0.057D + 0.011B 

n-C4 

2667 


0.009D + 0.976B 

C 5 + 

37 


0.013B 

Total: 

5804 

= 

D + B 


Steps 8 and 9 : 


Solutions Chapter 8 


Use total + i-Ci balances: 

2992 = 0.975(5804-B) + 0.011 B 

Use total + n~Gi balances: 

2667 = 0.009 (5804 - B) + 0,9768 

The other two balances give 


kg mo j/day 

B = 2563 
D ~ 3240 


B~270? 
D - 3100 


& as a tie component: 


58Q4kgmol F 

0.019 kg mol G, 1 

1kg mol D 

lday 

l.OOkgmolF | 

1 0.034 kg molC, 


= 3243 


kg mol D 

day 


Cs + as a tie element: 

5804 kg mol F 

0.006kg molC, "I 

j 1 kgmol B 

lday 

100 kg mol F | 

10.013 kgmol Cj* 


^ 2679 kgmoiB / day 


8.24 

StepslJ2^ and ,4: 


Assume the other components have the same density as water in all flows. 

a. 3.785 x 10$ L/day 

150 mg/L BOD 


5 mg/L BOD- 
0.3 m 3 /s 


-►BOD = 


Step 5 : Basis: 1 day 


(continued) 












































Solutions Chapter 8 


0.3 m 1 ! 

1 3600s| 

|24hr| 

1000 L 

s ! 

I hr 

1 day ] 

1 m 3 


= 2.592 xl0 7 L/day 


Steps 6 and 7: 

Unknowns; C, x 
Balances: H 2 O, BOD 



Total mass balance A + B = C 


Iday 

A L 

lkg| lday 

BL 

1 kgB 

lday 

CL 

IkgC 


day 

L 1 

day 

L 

day 

L 


BOD mass balance 


1 day 

A L 

5x10 3 gBOD lday 

BL 

150 xlO~ 3 gBOD lday 

C U x gBOD 


day 

L 

day 

day 

day| L 


2.592 x 10? kg + 3.785 * 10* kg = C = 2.9705 x 10? kg 
5 x 10-3 a + 150 x !0 ' 3 B = xC 


5x 10 ' 3 A + 150 xlO -3 B 

x ~ C 

S X 10~ 3 (2.592 x 10’) +150 x 10~ 3 (3.785 x IQ 4 ) = j 23 475 x | 0 ~ J / L | 

2.9705 x 10’ *— 1 ---- — 1 


Solutions Chapter 8 


b. 


530 x 10 6 L/day 
3x1 O' 3 g/L BOD 


N BOD - ? g'' 

B =15.8xl0 6 L/day 

^ 5x10 -3 g/ LB0D 


Total mass balance A + B = C 


lday 

A L 

Ikgt lday 

BL 

1 kg 

IdaylCL 

1 kg 


day 

L 1 

day 

L 

(day 

L 


530 x 10 6 kg + 15.8 x JO 6 kg = C = 5.458 x 10 * kg 
BOD mass Balance 


1 day 

AL 

3x 10“ 3 gBOD lday| 

BL 

N x 10 " 3 g lday 

C L 

5xl0 :1 g 


day 

L 1 

day 

L 

day 

L 


3 x 103A + N x 10 * 3 B = 5 x 10‘ 3 C 


N = 


5 x 10~ 3 C -3 x 10~ 3 A 
B 


(5 x IQ" 3 )(5.458 x IQ 8 )-(3 x 10~ 3 )(5.30 x 1Q») 

1.58 xlO 7 


= 72.1 xlO~ 3 g / Ej ok 
























































Solutions Chapter 8 


mass fr. 
w nh 3 


1.00 


mol fr. 
NH x A 

X NHi 

N x A 
1 '2 N, 

ToT 


A(kg) 


1000 kgs 

i 1-00 


mass fr. 


Gaj 

1000 kg 

nn ,,,- mol fr. 

0.0633, NH, TW 

09367 N, 0.90 

1.00 ‘ -j-gjj- 


B kg liquid 


F(kg) 


mass fr, 
NH, <a B m> 

S 

TOT 


Step 5 : Basis 1.0 hr 

Steai: The unknowns are A. B. <o*. Q&,,, o,® a total of 6. 


St g eil and 8 : Three compound balances can be made, N 2 , NHj, and S. One relation is 
given: 


Two summations exist: ?g>?=1 and Scaf^l 


hence, we have an adequate number of balances (unless some are not independent) to 
solve the problem. 

Step 4: (revisited) Material balance equations in grams 


Total: 


F + S = A + B 
1000 + 1000 = A + B 


Solutions Chapters 


1000(0.0633) + 0 = Ao,^ + B< = 1 


1000(0.9367) + 0 = Aw£ Hj + 0 

0 + 1000 = 0 + Bug 

Contraints 

= 1 

“nh, + <0? = 1 

Solve in Polymath 

zn: 01 reduced to a quadra,ic 





















Solutions Chapter 8 


mo) ft, 

nh 3 

", 

1.00 


Gas 

1000 kg 
mol fr. 


NH> 0.10 
N, 0.90 


TW 


A. (mol) l00()kgS 
I S 1.00 


■ B kg liquid 

F (mol) 


mass fr, 


NH 3 » 


B 

nh 3 


S ? 

TW 


Step 5 : Basis 1.0 hr 

Step 6 : The unknowns are A, B, ,a total of 6 . 

Steps 7 and 8 : Three compound balances can be made, N 2 , NH 3 , and S. One relation is 
given: 


A B 

®NHi 

Two summations exist: £xf=l and Za>j & =l 


hence, we have an adequate number of balances (unless some are not independent) to 
solve the problem. 

Step 4: (revisited) Find the moles of F by getting the average molecular weight of F. 


Basis: i g mol F 


Solutions Chapter 8 


mole fr MW 

mass (e) 

NH 3 0.10 

17.03 1.703 

N 2 0.90 

28.0 25.200 

1.00 

26.903 

1000 kg F 

1 kg mol F 


26.903 kgF =37 - ,71kgm01 

Steps 7 and 8 : (repeated) The balances are 

In 



Out 


NHj (kg mol): 0.10(37.171) + 0(1000)MW S = + x|^ (A) 

Nj (kg mol): 0.90(37.171)+ 0(1000)MW S = 0(B),. x£, (A) 

S (kg): 0 ( 1000 ) + 1000 = + 0(A)MW a 

x nh, +x n, = 100 +*>1 = 1.00 “nh, =2<a^ ; 

N 2 and S are tie components. Let x* Hj A=n£ H5 , let x£,A=n*, ^ndcoJ^B - , etc. 

Then n* lti + n£, =A ♦ and mJJ. Hj + m s B = B 

Step 9: A total balance of 1000 + 1 000 in kg, but not if in moles, 

can be used in lieu of one of the above balances. They give 

(continued) 






















The results are: 


Solutions Chapter 8 
mf = i 000 kg 


< = 0.90(37. 

®HKHj ~ 0.0212 

©S = 0.979 
- 0.0425 
= 0.958 


i)=33.45kgmol 
A = 978g 
B = 1021.7g 
*nh 5 = 0.0681 
xg ? = 0.932 


Solutions Chapter 8 


8.27 


Basis: 12 hours 
The process is illustrated in the figure 


.MTBE 

i 


h 2 o 

MTBE 


mass fr< - 1.00 

h 2 o 



H 2 0 

MTBE 


The MTBE entering the pond in 12 hours is 


25 boats 

0.5 L gasoline 

1000 cm 3 

0.72 g 

0.10 g MTBE 


1 boat 

1L 

1 cm 3 

1 g gasoline 


900 g MTBE 


The pond holds (ignoring the MTBE in the pond which is negligible) 


3000 m 

1,000 m 

3m 

1000 kgH ,0 




1 m J HjO 


The increase in the concentration of MTBE is 


900 g MTBE 

1 kg 

9x10’ kg H,0 

1000 g 


1 x IQ ' 10 g MTBE/g tf ,0 
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9.1 

BaCl 2 + Na 2 S0 4 BaS0 4 + 2NaCl 

Mol. wt.: 

208.3 142.05 

233.4 58.45 

a. Basis: 5.0 g Na 2 S0 4 

„ , 5 g Na.SO, 

1 g mol Na 2 S0 4 | 

1 g mol BaCl ? 1208.3 g BaCl 2 


142.05 gNa 2 SO j 

1 g mol Na 2 SO J 1 g mol BaG, 

|7.33 g BaCI 2 | 

Problem 

Basis 

Answer 

b. 

5 g BaSo 4 

4.47 g BaCl 2 

c. 

5 g NaCl 

8.91 g BaCl 2 

d. 

5 g BaCb 

3.41 g Na 2 S0 4 

e. 

5 g BaS0 4 

3.04 gNa 2 S0 4 

f. 

Sib NaCl 

6.08 lb Na 2 S0 4 

g- 

5 lb BaCl 2 

5.59 lb BaS0 4 

h. 

5 lb Na 2 S0 4 

8.21 lb BaS0 4 

i. 

5 lb NaCl 

9.98 lb BaS0 4 


9.2 AgN0 3 + NaCl -► AgCl + NaN0 3 

Mol. wt,: 169.89 58.45 143.3 85.01 

a. Basis: 5.0 g NaCl 


5.0 NaClj 1 g mol Nadi g mol AgNO, 

169.89 g AgNO, 

158.45 gNaCll 1 g mol NaCl 

1 g mo! AgNO ^ 


114.53 g AgNO;| 


Solutions Chapter 9 


Problem 

Basis 

Answer 

b. 

5 g AgCl 

5.92 g AgN0 3 

c. 

5 g NaN0 3 

10.00 g AgN0 3 

d. 

5 g AgNOs 

1.721 g NaCl 

e. 

5 g AgCl 

2.04 g NaCl 

f. 

5 lb NaN0 3 

3.44 lb NaCl 

g* 

5 lb AgN0 3 

4.22 lb AgCl 

h. 

51b NaCl 

12.27 lb AgCl 

i. 

5 lb AgN0 3 

4.22 lb AgCl 


9.3 Basis: 1 ton dolomite 


CaC0 3 + H2SO4 —> CaS0 4 + H2O + CO 2 


Assume complete 
reactions 


MgC0 3 + H 2 S0 4 -> MgS0 4 + H 2 0 + C0 2 






lb mol 

Como. 

% 

lb 

mol.wt. 

that react 

CaC0 3 

68 

1360 

100.0 

13.60 

MgC0 3 

30 

600 

84.3 

7.13 

Si 0 2 

2 

40 

60.0 


Total 

100 

2000 


20.73 


20.73 lb mol react 

1 mol CO 2 produced 

44 lb 

ton dolomite 

1 mol react 

1 lb mol C0 2 


b. 


20.73 Ib.mol read 

[I molH ? S0 4 reqd 

98 lb H 2 S0 4 

100 lb acid 

ton dolomite i 

1 1 mol react 

1 moleH 2 S0 4 

94 lbH 2 SQ 4 


= 12160 lb acid] 





































Solutions Chapter 9 


9*4 


a. The balanced equation is: 

3 AsaSj + 4 HiO + 28 HNO 3 = 28NO + 6 HjAs0 4 + 9 H 2 S0 4 
and the reaction is unique within relative proportions, 
b- 2KC10 3 + 4HCt -2KC1 +2 C10 2 + Cl 2 + 2 H 2 0 

or KCtOj + 6HC1-KC1 + 3CI 2 + 3 H 2 O 

or 3 KCIO, + 10HC1 - 3 KC1 + 2 ClOj + 4 Cl 2 + 5 H 2 0 

We classify these reactions as non-unique since they are not simply proportional 


9.5 Basis: Data given in problem statement 

2 gmoiX 


55.847 gFe 

1 gmol Fe 

1 

X 

o 

55.847 gFe 

55.847 gFe 

1 gmol Fe 1 

2 gmol Fe 

1 gmol X,0, 


i gmoiX 


1 gmol Xj0 3 
3 gmolQ | 16 gO 


gmol XjOjJl gmol 0 

50.982 g X 2 Oj - 24.0 g 0 = 26.982 g X 

26.982 g X g 

TS^F =26 - 982 i^i to - x -A' 


■240 g0 


Solutions Chapter 9 


9.6 Basis: Data given in problem statement 


l.603gCO, 

1 gmol CO, 

1 gmolC 

12.00gC 

1 

44.01gCO, 

1 gmol C0 2 

1 gmolC 

0.28I0gH,O 

1 gmol H,0 

j 2gmo!H 

1.008gH 

1 

18.02gH,O 

|l gmol H,0 

1 gmol H 


- 0.437 gC 
53 0.03144 gH 


0.6349 g C*H y O r - 0.437g C - 0.03144g H = 0.166 Ig O 
Based on O: 

0.166IgO j l gmolQ = 0.01038gmolQ _ 

1 |l6.00gO 001038 1 gmolO 

0.437 g C 1 1 gmol C & 0.03642 gmol C _ 

1 jI2.00gC 0,01038 

0.03144 g h [ 1 gmol H ^ 0,03119 gmol H _ 

l |l.008gH ** 0.01038 "" 3 g molH 


The formula in integers is 


c 7 h 6 o 2 
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9.7 Basis: Data given in the problem 


Mass of hydrate 10.407 g 

Mass of dry sampl e *■9.520 g 
Mass of water 0.887 g 


9.520 g Bal, 

1 g moi Bal, 


391 g Bal, 


- 0.0243 g mol Bal, 


0.887 gH 2 0 

1 g mol H,0 


18.02 gH.O 


= 0.0493 gmol H ,0 


0.0243 


0.0493 


= 0.49, or 2 H,0 for 1 Bal,. Thus the hydrate is Bal, >2H,0. 


9.8 Basis: 2 g mol 


C: 6x12 = 72 H: 8 x 1=8 0:6x16 = 96 

mol. wt. “ 72 + 8 + 96 = 176 



Solutions Chapter 9 


9.9 Basis: 2000 Ions 93.2% H 2 S0 4 (l day) 


2000 Ions soln 

0.932 ton H 2 SOj 

j 1 ton moleH 2 S0 4 | 

i 1 mol S 

i 32 tonS 


1 ton soln 

1 98 ton H 2 S0 4 1 

1 mol H 2 S0 4 j 

!1 ton mol S 


= |609 ton S] 


609 ton S 

(Lton mol si 

1.5 mol 0 2 

32 ton O., jpj 

1 

f 32 tonS 1 

1 ton mole £ 

1 mol S 

jl mole 

1 

O 

ton mol 0 2 L ~ 

18 ton H 2 0 

m ton Sj 

32 ton S 

1 1 mol S 

1 lonmolH 2 0 


- = |342.6 tonl^O) 


9-10 Basis: 1 lb Bn 


2Br" -> IBr, 


2Br _ + Cl 2 2Cl~ + Br 2 
MW: 70.9 159,8 

Br 2 + C 2 H 4 -> C 2 H 4 Br 2 
MW: 28 187.9 


0.27.!b acid 

J x 10 6 lb seawater 

2000 lb seawater 

65 lb Br 2 


I IbBr, 

mole Br ? 

1 mole C\ ? 

70.9 lb Cl, 


159.91b Br 2 

1 mole Br 2 

mole a 2 


= [2.08 lb 98% H,SQ 4 / lb Br^l 

• = |044S lb Ci 2 [ 


1 lb Br ? 

IxlO 6 lb sea water 


65 lb Br 2 


15,400 lb seawater| 


lb Br, 


mol Br, 


159.9 lb Br, 


1 mol C,H 4 Br 2 


1 mol Br, 


187.9 lbC.H 4 Br 2 = | u?6 lbC;H4Br- | 


1 mol C 2 H 4 Br, 















































Solutions Chapter 9 


a) 


LHS 

RJHS 


C 

4 

4 


H 

JO 

10 


Zn 

1 

1 


0 

14 

14 


Yes, the equation is balanced, 
b) Basis: 1.5 kg ZnO 


1.5 kg ZnO 

1000 g ZnO 

1 gmol ZnO 

1 gmol 

DEZ 

123.4 gDEZ 


1.0 kg ZnO 

81.40 g ZnO 

I gmol 

ZnO 

1 gmol DEZ 


1.0 kg DEZ 

1000 g DEZ 


* 12.27 kg DEZ[ 


20 cm 3 H ? ojl.O g H 2 o|l.0 gmol H 2 o|l gmol DEZ 

123.4 g DEZ 

B cm 3 H 2 o| 18.0 g H 2 0 |5 gmol H 2 0 

1 gmol DEZ 

= |27.4 g DEZ| 



Solutions Chapter 9 


FeS0 4 -7H 2 0 

MW 

277.9 

FeS0 4 H 2 0 

MW 

169.9 

FeS0 4 -4HjO 

223.9 

FeS0 4 

151.9 


It is best to evaluate the three types of ferrous sulfate in terms of the cost/ton of FeSd* 


a. FeS0 4 -7H 2 0: 


Basis: 475 ton material 


$83,766.25 

475 ton FeS<V7H 2 0 


$ 176.35/ton FeSO< • 7H,0 which is equivalent to 


$176.35 

277.9 ton FeS0 4 7H,o|l ton mol FeSO,-7H,0 

I ton FeS0 4 '7H,0 

I ton mol FeS0 4 * 7H 2 0| 1 ton mol FeS0 4 


1 ton mol FeSQ 4 
151.9 ton FeS0 4 


= $323/ton FeS0 4 


b. FeS0 4 -4H 2 0: 


$323 

151.9 ton FeSO,, 

I ton mol FeSO d 

|l tonraol FeS0 4 4H,0 

ton FeS0 4 

I ton mol FeS0 4 

1 ton moJ FeS0 4 «4H 2 o| 

1223.9 ton FeS0 4 -4H 2 0 


- ISTPT/ton FeSO < -4H^O| 
c. FeSO.HjO: 


$323 

151.9 ton FeSoJ 

1 1 ton mol FeS0 4 

1 ton mol FeS0 4 H 7 0 

ton FeS0 4 

1 ton mol FeS0 4 1 

|l ton mol FeS0 4 *H,0 

169.9 ton FeS0 4 H 2 0 


- |$289/ton FeSO„ H,Q| 
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9.13 The reaction is C 4 H J0 + 0 2 4C0 2 + 5H 2 0 

Basis: 1 mol C 4 H 10 


mol 0 2 for complete combustion ^ 

mol C 4 H i0 


Minimum 0 2 - (LFL) 

S (J.9%) (6.5/1)= Il2.4%| 


J 


9.14 Basis: I L solution = 1000 g H 2 0 


50 g H,Sl 

1 g mol H ? s| 

ll gmol HOC1 

52.45r HOClIlOO g HOC) soln 

10 6 g soln! 

1 34 g H ? S 

[ 1 g mol H 2 S 

1 gmolHOCll 5 g HOC1 


1000 g soln |2 _ | 3 .o 8 g HOC) solution] 

1 L soln I * 1 * * - - -' 

You can use the density of H 2 0 for the density of the solution as the H 2 S content has 

negligible effect on the density. 


Solutions Chapter 9 


9.15 Na 2 C0 3 + Ca(OH 2 )-»2NaOH + CaC0 3 

Basis: 1 ton of soda ash (Na 2 C0 3 ) 


1 tonNa,CO,| 

I 

i 

a 

8 

2 ton mol NaOH 1 

i 40.0 ton NaOH 


| 106 ton Na,C0 3 | 

jl ton mol Na,C0 3 | 

1 ton mol NaOH 


0.755 ton NaOH 


SI 30 

I ton Na 2 C0 3 

1 ton Na 2 C0 3 

0.755 NaOH 


=• |$ 172/ton Na^COTI 


The above result is for the case of free Ca(OH 2 ). Otherwise, the value must be reduced to 
compensate for the cost of the CA(OH 2 ) -- which might come from the CaC0 3 produced, 
and possibly be cheaper than Ca(OH 2 ) purchased directly. 
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9.16 Basis: i kg dichlorobenzene (DCB) 

The balanced stoichiometric reaction for dichlorobenzene is shown below: 
C 6 H 4 C1, + 6.5 0 2 -► 6 CO, + H,0 + 2 HC1 


Therefore, for I kg of dichlorobenzene, the following moles of HC 1 are produced: 

0.0136 kg mol HCI 


1 kg DCB 

1 kg mol DCB 

2 kg mol HCI 


147 kg DCB 

1 kg mol DCB 


The balanced stoichiometric reaction for tetrachlorobiphenyl is as shown below: 

Cf 2 H 6 Cl« + 12.5 O, -►12 CO, + H 2 0 +4 HCI 

Therefore, for 1 lb of tetrachlorobiphenyl (TCB), the following moles of HCI are 
produced: 


Basis: 1kg TCB 


I kg TCB 

1 kg mol TCB 

4 kg mol HCI 


290 kg TCB 

I kg mol TCB 


= 0.0138 kg mol HCI 


Thus, the amount of acid produced does not change significantly (a i ,5%) t and neither will 
the amount of base required for neutralization. 
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9,17 Basis: 10 lb moles phosgene 
For phosgene: 

=H reacting moles 

n co.i = iW^ccrf = 7 -(-0(10)- |l 7 lb moll 
n ct, j “ n ci, .r -v ci , ” 3 - (-1)10 = 113, lb mol] 


9.18 Basis: 135molCH 4 

- (22.5 reactingmolsj 
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9.19 

2FeS + 

o 

1 

2FeO + 2S0 2 


MW 

87.85 

32 

71.85 64 


Basis: 

Use 100 g slag 



Comnonent 

g = % 

MW 

gmol 

FeO 


80 

71.85 

1.113 

Fes 


20 

87.85 

0.228 



100 




For the FeO: 


_ n f -n= 1.113-0 _ .. , 

£ » ——l =-= 0.557 reacting moles 


For the FeS: 

£ = £lZHx = *= 0.557 


Ojnitial HeS = [1.341 gmoll 
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9.20 Basis: 1080 lb bauxite 

Ah0j+3H 2 S0 4 ->A1 3 (S0 4 ) 1 + 3H 2 0 


1080 tb bauxite 

55.4 IbAlA 

1 lb mol A! A 


100 lb bauxite 

101.9 IbAlA 


* 0-5.87 . . 

4 =--— 5,87 reacting moles 


Basis: 2510 lb H 2 S0 4 (77%) 


2510 IbHjSOj (77%) 

0.77 lb H 3 S0 4 |l lb mol H,SO, 


1 lb H ? S0 4 (77%)| 98.1 lbH 2 S0 4 


= 19.70 lb molH 2 SO, 


4 ~-—^—^ = 6.57 reacting moles 

(a) A12O3 is the limiting reactant and H 2 S0 4 is the excess reactant. 

(b) %xs H 2 S 0 .: 00)=^I^Z(,00)=EIM 

5.87 5.87 

or H2SO4 (77%) required: (5,87 *** 98 ' l) =2244 lb 


%xs 


2510-2244 , 
2244 


Basis: 2000 lb A1 2 (S0 4 ) 3 


2000 lb A1,(S0 4 ) 3 

1 lb mol A1,{S0 4 ), 

1 IbmolAljO. 


342.1 lb A)j{S0 4 ), 

1 lb mol A1,(S0 4 )j 


101.9 IbAlA 

I lb bauxite 

1 lb mol A 1,0 } 

0.554 IbAlA 


=1075 lb bauxite 


1075 
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9,21 Basis: 100 kg of fusion mass 



BaSO. + 4C -* 

BaS + 

4CO 

Como. 

Wt.% = kt» 

MW 

kg mol 

BaS0 4 

11.1 

233.3 

0.0476 

BaS 

72.8 

169.3 

0.430 

C 

13.9 

12.0 

1.16 

Ash 

22 




100.0 




BaS0 4 o ng. * 0.0476 + 0.430 - 0.4776 mol 

Cong* *1.16 + 4 (0.430) = 2.88 mol Carbon is the limiting reactant. 

Needed C for complete reaction - 4 (0.4776) = 1.9104 mol 
2 88—1 91 r 

% excess = * ' x 100 = 150.8% excess cl 

Degree of completion = 0,47 ^~^ 047 ^ = I 0 . 900 I 

You could calculate the extent of reaction from the BaS0 4 , and use it to get the original 
amounts of reactants. 
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9.22 CO + Cl 2 -»COCI 2 

Basis: 20 kg products 


kg 

kg mol 

kg mol 

Comp^ kg 

mol.wt. 

mol 

cuin 

COm 

Cl 2 3.00 

70.91 

0.0423 

0.0423 

COCh 10.00 

98.91 

0,1011 

0.1011 

0.1011 

CO 7.00 

28.01 

0.250 


0250 

20.00 

The extent of reaction is 

CO: °-° j 351 = 0.351 


0.393 

0.143 

0.351 

Cl 2 : ° *j-0.143 (smallest £) 





Cl 2 is the limiting reactant; CO is the excess reactant 
a ’ -5 143^ ~ Il45%excessCOj 

k 0 09) - 170.7% C1-, converted! 

c. 0*1011 kgmolCOCl, r—n 

(0.143 + 0.351) kg mol reactants 




















Solutions Chapter 9 


9.23 Step 4 : 

The molecular weights needed to solve the problem and the gram moles forming 
the basis are; 


Component 

kg 

Mol. wt. 

e mol 

Sb 2 S3 

0.600 

339.7 

1.766 

Fe 

0.250 

55.85 

4.476 

Sb 

0.200 

121.8 

1.642 

m 


87.91 



The process is illustrated in Fig. P9,19 


1.766 g mol Sb 2 S 3 


FeS j 


Reactor 

4.476 g mol Fc 






1.642 g mol Sb 


Figure P9.19 

Step 5 : Basis; Data given in problem statement 

Steps 6-9 : 

(a) To find the limiting reactant, we examine the chemical reaction equation. The 
ratio of Sb 2 S 3 to Fe in the equation is 1/3 = 0.33. In the actual reaction the 
corresponding ratio is 1.766/4.476 = 0.395, hence Sb 2 S 3 is the excess reactant and 
Fe is the limiting reactant, The $b 2 S 3 required to react with the limiting reactant is 
4.476/3= 1.492 g mol. 

(b) The percentage of excess reactant is 

% excess = (100) = 118.4% excess Sb,SJ 

1.492 1 - ^ 
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(c) Although Fe is the limiting reactant, not all the limiting reactant reacts. We can 
compute from the 1.64 g mol of Sb how much Fe actually does react: 


1.64 g mol Sb 

3 g mol Fe 


2 g mo] Sb 


= 2.46 g mol Fe 


if by the fractional degree of completion is meant the fraction conversion of Fe to 
products, then 

Fractional degree of completion = ^^ = [q!5S1 


(d) Let us assume that the percent conversion refers to the Sb 2 Sj since the reference 
compound is not specified in the question posed. 


1.64 g mol Sb 

Ig mol Sb ? S 3 


2 g mol Sb 


= 0.82 g mol Sb,S 3 


% conversion of Sb,S 3 to Sb - 5^(100) - 146.3%I 
1.77 

(e) The yield will be stated as kilograms of Sb formed per kilogram of Sb 2 S 3 that was 
fed to the reaction 


Y j el d= Q : 200 kg Sb „ 
0.600 kg Sb 2 S 3 


0.33 kg Sb 
1 kg Sb,S, 
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9.24 Amount of o-n hydrolized: — m mo *j *Q0Q H tnol jqo ^ mo j 

I I m mol ^ 

Total protein: -odOO mg 

Specific activity = - 200 p mol/(minXmg protein) 


9.25 



acttamtftophfn 


Basis: IOOkgmoJA 
100 kg molC^NO: 


'j 86.9 kg molCtHnNOCI |0.95 kg mol CjHjNO 
I 100 kg mo! C^NO, " iTg mol tsHjNOCl 


3 kg molCftHgNOa 


4 kg mol C^NO 


► (0«6I9 t raction overall conversion! . 
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9.26 







sxnh,* a 

Sepnc Tank 



Jo.ooo cj ■ ^ 

95% 


► >00% CjK,O t N 




conversion 





C 

j 

»£> 

NO 






H ♦ 


c 5 h,o ; n 





C 5 

60 





H 7 

7 



NH! 


0 2 

32 


N 

14 


N 

14 


H 4 

A 



113 kg/k mol 


18 


20,000 kg C 

5 kg nh; 





wl^F“ ,UUUiC8NH < 



1000 kg nh; 

kg mol NHt , 





18 kg NH 4 moi NH 4 


55.556 kg mol NH! 

1 kg mol C,H,0,N 

95 kg mol NH 

1 1 113 k2 C.H.O.N 


55 kg mol NHJ 

100 kg tnol fed [kg mol C s H 7 0 2 N 

-|I08.43 kg C s H 7 0,N| 
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9.27 Reaction on which to base excess is 
Fe 2 C >3 + 3C 2Fe + 3CO 

Basis: 1 ton Fe 2 Os 
a. Theoretical C- 

I ton Fe 2 Q 3 [ 2000 lb Fe 2 0 3 11 lb mol Fe 2 0 3 


600-451 


451 


1 ton Fe 2 0 3 1159.7 lb Fe 2 0 3 

x 100 = |33% excess C! 


3 lb mol C 


1 lb mol Fe 2 0 3 


12 lb C 


lb mol C 


= 451 lb 


1 ton Fe 2 0 3 

1200 lb Fe 

lb mol Fe 

j 1 lb mol Fe 2 0 3 

159.71b Fe 2 0 3 


1 ton Fe 2 0 3 

55.85 ib Fq 

| 2 lb mol Fe 

1 lb mol Fe 2 0 3 


- 1720 lb Fe 2 03 reacts 

122&* 100 = [86mF^03 

c.(i> 


1 ton Fe 2 0 3 

183 lb FeO 

lb mol FeO 

11 lb mol CO 

1 28 lb CO 


1 ton Fe 2 0 3 

71.85 lb FeO 

\2 lb mol FeO 

|l lb mol CO 


1 ton Fe 2 0 3 


1200 lb Fe 


1 lb mol Fe 3 lb mol CO| 28 lb CO „ IL ^ 

55.85 lb Fe 2 lb mol Fe 11 lb mol CO ” 9014 lb C0 


l ton Fe 2 0 3 

Total (35.62 lb CO + 902.4 lb CO) = 1938 lb COl 


00 - 


1 ton Fe 2 0 3 

1200 lb Fe 

lbmolFe 1 

13 lb mol C 1 

i 12 lb C 


! tonFe 2 0 3 

55,85 lb Fe 

\2 lb mol Fej 

jib molC 


!tonFe 2 0 3 |831bFeO 


1 ton Fe 2 0 3 


lb mol FeO 1 IbmolC 112 lb C 


71.85 lb FeOplb mol FeO lib molC 


; 387.1 lb C 


' 15.3 lb C 


387.1 + 15.3 ^ |402T4~Tm: used/I ton Fe 2 Q^ 
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d. 


Selectivity: Mass basis: 


1200 lb Fe formed 
183 lb FeO formed 


6.56 


1200 lb Fe| lb mol Fe 

(55.85 lb Fe 


= 2L49 lb mol Fe 


183 1bFeO*~~j^~^ = 2.551bmol FeO 


Mole Basis: 


21.49 IbraolFe e 4 „ 
2.55 ib mol FeO 
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9.28 

Cl 2 + 2NaOH -► NaCl + NaOCl + H 2 0 
MW: 71.0 40.01 58.5 74.5. 18.0 

Basis: 1145 lbm NaOH + 851 lb Cl 2 618 lb m NaOCl) 

a. Determine limiting reactant 

Assume all Cl 2 reacts, calculate lb of NaOH required 


NaOH required - 


21b mol NaOHl 

lb mol Cl, 

851 lb Cl, 

40.01 lb NaOH 

lb raol Cl, | 

1 71 ib Cl, 


lb mol NaOH 


= 959.11 lb NaOH required |C1 2 is limiting reactant] 

or use extent of reaction 

1 145 

NaOH: —- - 28.63 lb mol (0-28.63)^2 * 14.3 
40 

851 

Cl* — = 11.99 ib mol JM1.W-1 = 12.0 (minimum) 

b. % excess NaOH = i^nolNaOHinexcess 

lb mol NaOH for rxn ' 


_ (* 145 lb|rt ^ aOH )(40.01 lb NaOH) (9S9,1 '( 40.01 ) 

r _ 

= 119 4% excess NaOH I 

618 

c. Degree of completion =» = -J^ L £k ‘^reacted m Ui m0jgn 
lb mol C1, available to react 851 


( 100 ) 


5 8 . 30 .^ 


71.0 


(continued) 
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d. Yield of NaOCl = 6 1 S I b . NaOC l 
851 lb CU 


0.726 


618 

e. — = 8.30 ib mol NaOCl 
745 


4 = - = [8Tio| reacting moles 


9.29 4HCl+0 2 -2C 1 2 +2H 2 0 

MW 35.45 32 71.0 18 

Basis: 100 mol gas 


Entering moles 


Exit coirm. 

%mol 


HC1 

Q 2 

HC1 

4.4 


4.4 

- 

Cl 2 

19.8 

(2X19.8) 

39.6 

- 

H 2 0 

19.8 

(1/2X19.8) 

• 

9.9 

0 2 

4.0 


- 

4.0 

n 2 

52.0 



- 


100.0 


44.0 

13.9 


(The N 2 balance gives the 0 2 as 13.8). 

Calculate the extent of reaction for complete reaction 
0-440 

For HC l: - - L - = 11.0 (the minimum) 

-4 

0-13.9 


For O 2 : 


-I 


13.9 


(a) |HC1 is the limiting reactant) 


(b) % excess a 


139- 


44,0 


44.0 


■^—100- 126.36%) 
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44 ~4 4 

(c) degree of completion - —=0.90 

44 

(or 9.9 from (d)/ U .0) =* 0.90 

]9 8—0 

(d) extent of reaction £ - —^— = reacting moles 


9.30 Basis: 30 mo) CO. 12 mol C0 2 ,35 mol H 2 0 feed - I hr 


CO 

co 2 

h 2 o 


mol 
30 
12 _ 
35 


MW: 


mol 


CO 

C0 2 

^2 

h 2 o 


18 


CO+H 2 0 = 
28 18 


C0 2 + H 2 
44 2 


a) fed in eqn 

= 22 - 0,86<-^-=-= 1 ICO is limitingreactan | 

H 2 0 35 H 2 0 1 * 1 - 1 

b) |H 2 Q is the excess reactan | 
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18 

35 

J_8 
30 : 


= m 


(for each mol of H 2 produced. 1 mol CO reacts) 


18 kg mol H 2 | 

[2.016 kg H 2 


1 kg mo! H 2 0 

- 

|l kg mol li 2 

35 kg mol H 2 0 

18 kg H 2 0 


= [00576 kg H,| 

f) I mol of CO, is produced for each mol of H, 
mol CO, produced i 


30 ' 


0.60 - 


mol CO fed 


(g) g = — - = |l8 reacting moles] using 


9.31 

2C,H 4 + O, 2C 2 H 4 0 

For 100% conversion of C 2 H 4 according to reaction (a): 

2 mol C ? H 4 Q/time _ |j| 

2 mol C,H 4 / time 


For reaction b3: 


1 mol C ; B 4 Q/time 
1.33 mol C,H 4 /time 
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Basis: 100 lb mesitylene (GjHtj) 

The reactions are 

C,H,2 

MW 

120,1 

C»H,j + H, -* C,H, 0 + CH. 

C,H, 0 

106.08 

C,H I0 + H 2 h>C ; H,+CH, 

C,H, 

92.06 


The initial selectivity is: C 8 H, 0 /C,H g = 0.7 and 0.8 
The number of moles of C 9 Ht 2 in the basis is 


!001bC,H„ 

1 lb mol C„H„ 


120.1 lb C 9 H, 2 


For the selectivity of 0.7 (the equations are in lb mol) 

(1) C g H 10 +(l)C ? H g = 0.833 
C g H lo /C 7 H t = 0.7 

with the results: 

(ibm.o.l) (in lb) 

C 7 H g =0.490 45.1 

C g H 10 =0.343 36.4 


For the selectivity of 0.8 the results are 

C 7 H 8 =0.463 42.6 

C,H 10 = 0.370 39.3 


The catalyst used in 
Selectivity of 0.7 

Selectivity of 0.8: 


the respective ca 

l lb catalyst 

sesis 

10.490 lb mol C,H g 

92.06 lb C,H f 

1 lb catalyst 

500 lb C,H t 

0.463 lb mol C,H g 

I lb mol C 7 H 8 

92.06 lb C,H f 


500 lb C.H, 


1 lb mol C,H, 
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Income change 


Increase in C 8 H| 0 : 

(39.3-36.4)($0.65) =+1.89 

E>ecrease in C 7 H g : 

(45.1-42.6) ($22) - -0.55 

Expense change (decrease) 



Change in catalyst used: (0.090-0.085) ($25) = + 0.13 
Net change 1$1.47[ 
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Basis: 1 mol A 
A—>3B 


50 percent conversion gives as the product: 

mol 
A 0.5 

B K5 

2.0 

(a) Mote fraction A - 0.5/2.0 = |0~25] 


(b) Extent of reaction £ = ——— = |0.5 using A 




10.2 Assume a steady state flow process with reaction. 
Step 5: Basis: 1 hr (6.22 kg mot = F) 

Steps 1.2. 3 and 4: 

H, (g)+SiHC lj(g) —> Si($)+3HC 1 (g) 


F = 6,22 kg mol 
Mol fr. _ 


0.580 H, 
0.420 SiHCl, 
1.00 


W(kg mol) 


Reactor 


1 , 


Mol fr. 

1.00 


Mol fr. mo] 
HC1 *HC1 n HC5 

SiHCl-i x SjHC | i n siHO) 
H, 0.223 n Hl 


MW Si = 28.086 
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n H? /W = 0.223 

Step 6: Unknowns: W, P, 3rtj 

Step 7: Balances: element balances are H, Si, Cl, £ n s = W, n H , /W ~ 0.223 

Or, using the extent of reaction 

Step 6 : Unknowns = 6: 

W, P, 3ni,£ 

Step 7 : Balances = 6 

Species balances: H 2 , SiHCh, HC1, Si 
-W 

n (1; /W = 0.223 

Steps 8 and 9: Balances are in kg mol. 

In _ Out 

Cl (kg mol): 6.22(0.420X3)" n HD + n 5iHCI) (3) 

Si (kg mol): 6.22(04.20)(l) = P(l) + n siHC1; 

H (kg mol): 6.22[(0.5fS0X2)+0.420(1)] = n HC , + + n„,(2) 

Balances using £: 

H.: [.y-(0.580X6.22)]-(-1XO 
SiHC I,: [n slHC1 , - (0.4201(6.22)] = MX#) 

HC1: [n RC1 -0] = (+3)(s) 

Si: [».-0]-(tlXP 
# = 1.83 


(continued) 
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Solution: 

W = 8.05 

P=1.83 


n H! .!,78 

n Ha =c5.49 n siHci> = 7824 


1.83 kgmoiSil 



lhr 

l60mm| | IkgmolSi 



1.46 ke Si initial 



|l 8.59 kgfinal Si[ 


Step 5 : Basis: 100 lb pyrites in 2 FeS 2+7 0,-*Fe : 0 3 +4 SO, 

Steps 2. 3. and 4 : 



1.00 


Let X = mol air in, Y - mol SO 3 out, Z = mol due gas out 
Steps 6 and 7 : 
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Using a reduced set of variables: 
Unknowns (4): X[ Y T Z, cinder 
Balances (4): O, N, S, cinder 


Steps 8 and 9 : 


Sulfur Balance: 

2Q Balance: 


3. 2N Balance : 


(32 + 10)/32 - Y -f 0.134Z 
0.21X = 1,5Y + (0.134 + 0.027) Z 


i mol si 

mol Fe 

lmolFe ? 0 ^ 

1.5molO, 


|2molS 

2 molFe 

lmolFe, 0 3 


0,79 X = 0.839Z 


Solve (1), (2), (3): Y = 0.118 moL Z * 8,9 mol 


Step IQ : 


Check: mol S = 0.118 + 0.134(8.9) =1.31 


• coaversion of S to S0 3 = (1 1 . 8 )/( 1.3 1 5 ) = 18 . 98 %! 
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10.4 

Steps L2.3 and 4: 


Methanol _ 
CH,OH l00 o /o 


Step 5: 




mole % 



Product 


Reacts 

HjO 5.9 


— I - 

p O, 13.4 


Air T A 

N 2 62.6 


l 

CH.O 4.6 


mol frac 


°2 

0.21 

CH 3 OH 12.3 

Nj 

0.79 

HCOOH 1.2 


1.00 

100.0 

100 mol P 



Step 6: Unknown F, A 


Step 7: Balances N, H, O, C 

More balances than unknowns. Are they independent? Consistent? 
Steps 8 and 9: Balances in moles 


Check by first solving C, N (tie elements) 
C: F (1) = 4.6 + 12.3 + 1.2 = 18.1 

2N: A (0,79) = 62.6 


F = 18.1 mol 
A = 79.24 mol 
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® © 

Check viaO: (2) (79.24)(.21) + 18.1 ! 13.4(2) +5.9+4,6+12.3+1.2(2) 

51.38 152.0 

Close but not exactly the same, more oxygen out than in. Might be caused by round off. 

Check via H: 4(18.1) l 5.9(2) + 4.6(2) + 12.3(4) + 1.2(2) 

72.40 : 72.6 

Not exactly the same; more hydrogen out than in, but again may be caused by round off. 
The conclusion is that probably no error exists in the measurements. 

10.5 

1. Additional information was the molecular weights of the compounds and the 
chemical reaction equations. 

MW CaC0 3 = 100.0, MW MgC0 3 = 84.3, MW C0 2 = 44. 

2. Assume a batch process 


initial Final 



3. Basis: Ig sample 

4. F = 1.000 g; P is not explicitly given but can be calculated: P = 0.550 g; 

G is not explicitly given and can be calculated, G = 0.450 g 

5. Mass fraction of CaO in P and F, mass fraction MgO in P and F 

(or mass of each)(continued) 
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6 . Species balances 

7. It appears to be a carbon balance 

8 . 0 degrees of freedom 

9. Yes 


10.6 

Steps 1.2.3. and 4: To solve this problem you must recall that CaCO* reacts with 
H 2 SO 4 to form CaS (>4 and that CaCC >3 when heated yields CO 2 and CaO whereas when 
CaS 04 is heated at the same time it does not decompose. Although the problem seems to 
be underspecified, when you draw a diagram of the process and place the known data on 
it, the situation becomes clearer. Assume the process is a steady state open one with 
reaction. Then the element balances are just in = out. If you use the extent of reaction, 
you make species balances. 

Note that we have designated the composition of P and A in terms of the mass of 
each component, mf, rather than the mass fraction © f, because this choice makes the 
element or species balances linear (avoids products such as ©P). 

The CO 2 liberated from the sludge is equivalent to 


UbCO, 

or 

| 

8 

HbmolCaCO, 

100.091bCaCO, 

10IbP 

44 lb CO, 

lib mol CO 2 

1 IbmolCaCOj 


35 0.227 lbCaC0 3 /lbP 
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1.00 


w (ib) 

H 2 0 mass ft. = 1.00 


also wo i = 0 227 
P 


Step 5: Basis: F - 100 lb 

Step 6 : The variables whose values are unknown are A, m J l 0 t m^ C0j 

m c^ 0 ,. m L. p . w, and Y, a total of 9. 


Step 7: The element balances that can be made are Ca, C, O, S, H, inert (6 total) 

and we know Smf=A,Smf=P, and (m / p) 38 0.227 for a total of 9. If the 
equations are independent, we can find a unique solution. 

Steps 8 and 9: The equations {in = out ) are (except for the inert balance which is in lb) 
in moles 


(continued) 
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Ca- 95 lb CaCQ <( 1 Ibmo^CaCO^ 1 1 lb molCa 

1100.09 lb CaCoJ lib molCaCO, 


m caco, lbCaCO, 

! HbmolCaCO^ 

lib mol Ca 

mJ. lC0 lbCaS0 4 

1100.091b CaCO ? 

llbmolCaSO, 

, lib mol CaCO-, 

lib molCa 


136.151b CaS0 4 

HbmolCaS0 4 

^ 0.95 lb CaCO, 

1 lb mol CaCO, 

llbmolC Y lb mol CO, 

! 

1 lb mol C | 

i 

m c.co, IbCaCO, 

100.09 lb CaCO, 

1 lb mol CaCO, 

lib mol CaCOj 

i 1 lib mol C 

1 lb mol CO, i 

2 i 

j 

mJ lSO JbH,S0 1 i 

100.09 lb CaCO 
1 lb mol H,SO,| 

' 3 | 1 lb mol CaCOj 

1 lb molS 

( 

^cuso, lbCaS0 4 

>8.08 lb H 2 SoJl 

llbmolCaS0 4 1 

lb mol H,S0 4 

llbmoIS 


136.25 IbCaSOj 

i 1 lb mol CaS0 4 

°fl raH - so ' ^ H 2 SO 

. 1 lb mol H.SO. 

i 1 lb mol H, 


98.08 lb H,SO< 

1 lb mol H,S0 4 


mj )0 lbH,0 

1 lb molH,0 

lib mol H, 


18.0161b H,0 

1 lb mol H 2 0 


WlbH,0 

lib molH,0 

i lb mol H, 


18.0161b H 2 0 

1 lb mol H 2 0 


95 lb mol CaCO, 

1 lb mo 1 CaCO, 

3 lb mol O 


100.09 lb CaCO, 

l lb mol CaCO., 

<*>, 'bH,S0 4 

I lb mol H,SO a 


4 lb molO 


98.08 lb H 2 S0 4 

1 lb mol H 2 S0 4 
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m «,o lbH.O 

HbmolH,0 

llbmolO 

Y lb mol CO, 

18.0161bH,O 

2 lb mol O 

ImolCO, 

llbmoIH.O 


m c.co, lb CaCO-, 

1 lb mol CaCO 

, | 31bmolO 


100.09 lb CaCO, 11 lb mol CaCO, 

m ciso, lbCaS0 4 

lib molCaCO^ 

41b mol O 


136.15 CaCO 4 

1 lbmoICaS0 4 


WlbH,0 

lbmolH,0 1 llbmolO 


18.0161b H 2 0|1 lb mol H,0 


The solution of these equations using a computer code would give all of the values of the ! 
unknown quantities. However, a review of the set of equations, after having gone into | 
great detail about each equation, indicates that only 4 of the equations have to be solved 
to gel the desired answer, namely the Ca balance, the Imf = P, and the inert balance plus 


2mf - P: 


Ca: 


0.949 - 0.010 m £, COj + 0.00734 m c #so . 


=28.55 lb 


oo _ . 

and 100 "" - 130% unreacted, j 

95 1 -' 
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10.7 

Steps 1. 2.3. and 4 : 


G(kg mol) 


• S0 3 100% 


Ore 


Cus 

Cus* 

inert 


n CuS < k S mol > 


Reactor 


P(kg mol) 


t noi fr. 
SOz 0.072 


{kg mol) 
CuO 


0 2 

N 2 


0.081 

mi 

1.000 


A(kg mol) 


Atr mol fr. 
O 2 0.21 
N 2 QJ9 
1.00 


unreacted CuS 
inert 


This CuS doesn’t react. 

This is a steady state open process with reaction. 

Step 5 : Basis: 100 kg mol P 

Steps 6 and 7: Unknowns: n C(jS> A, G, Y 

Element balances: S, O, N t Cu 

Sjeps 8 and 9: Balances are in kg mol on the elements 

S: 


20 : 

2N: 


n cijs0)~G(0 + 0,072 (100) 

A(0.21) « G(1.5) +100(0.072)+100(0.081) + Y(-i) 
A(0.79) = 100(0.847) _* 
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^ u - "e 


Solution yields (in kg mol): G=1.81, news-Y -9.01 


1.81 mol SO, 

1 mol S 


1 mo! S0 3 

9.01 mol CuS that reacts 

1 mol S 


1 mol CuS 


== 0.20 of CuS that reacts goes to SO j2Q%| 


If you use the extent of reaction, you need to write down the balanced reactions 
CuS +0, CuO + SO, (1) 

SO,+ io,-»S0 1 (2) 


Steps 6 and 7 r 

The unknowns: 4 above plus £ and 
Balance: 6 species balances 

Steps 8 and 9 : 


CuO: 

Y 

= 0 +(«)(ft) 

CuS 

0 

»*•+(-««) 

0 2 : 

P(0.081) 

A(0.21)+(-lX5)+(-ix^> 

n 2 

P(0.847) 

= A(0.79) 

S0 2 

P(0.072) 

o+(iX£)+HX6) 

S 03 : 

G 

0+0X6) 

0 

<* 

II 

6=1.81 
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10.8 

6HF(g) + Si0 3 (s) -y H 2 SiF 4 (0 + 2H 3 O(0 (D 

H 2 SiF 6 (g)^SiF 4 (g) + 2HF(g) (2) 

The net reaction is 

4HF + SiOj -► SiF, + 2H,0 
Steps 2. 3. and 4 ; 

SYSTEM 

mol fr . 

0.50 HF p 

0.50 N 2 - 

1.00 

The process is an unsteady state, open process 
Step 5 ; Basis: 1 mol F entering 

Steps 6 and 7 : 

Unknowns: 4 u,, P, q, loss SiO, from wafer (L) 

Balances: HF, N, } SiF 4 . H 2 0, Si0 2 (5 species) 

Other equations: Y.n. « P; 10% HF reacts 

Steps 8 and 9 : 

HF: n HF = 0.50 + (-4)£ = 0.50(.90) = 0.45 

f = 1.25 x 1 Qr l reacting moles 

SiF 4 : n s , rj -0 + (i)( 1.25x10 ')- 1.25 x 10’ 2 mol 
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H 2 0: n H>0 - 0 + (2)(1.25x10 2 ) = 2.50xlO' 2 mol 
N 2 : n N -0.50mol 

Si0 3 : n si0t/ -n SI0i .-HX^)—1.25 x 10‘ 2 mol 


Composition mol 
HF 0.45 

SiF„ 1.25 10' 2 

H 2 0 2.50 !0' 2 

N 2 0.50 

0.9875 


mol ft . 

0.456 

0.013 

0.025 

0.S06 

1.000 


If you use element balances; 

Step 6 and 7 : 

The unknowns: 4n*, P, L 

The balances: H, F, Si, O, N (presumably 4 are independent) 
Other equations: Zn, = P, 10% HF reacts 

Steps 8 and 9 : 

H 

F: 

Si 
O 
N 


0.50(1)= n l)F + 2n H;0 
0.50(1)= n Hr + 4n SiF) 

^ n SlO r ) = n SiF, 

^( n SiOj.f “ n Sb0 2 .1 ) = n H.O 

2(0.50) = 2n N , 
n llK =0.90(0.50)=0.45 
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10.9 

*“ pr “f ss “ a stca , d J state P^ess in an open system with flow in and out, and a 
(10.6)“ 1,16 inilia! t0 ** fiml Sa,eS ' i- Equation 

h 


The bioorganisms do not have to be included in the solution of the problem. 
Steps 1,2,3, and 4 

Figure PI 0.9 is a sketch of the process. 



C0 2 (g) 

, HjO (88%) 



C 6 H I2 O s (12%) 




h 2 o 

QHj 2 o$ 

c 2 h 5 oh 

c 2 h 3 co 2 h 


Figure P10.9 


Step 5 Basis: 3500 kg F 
Step 4 


Convert the 3500 kg into moles of H 2 0 and QH»Ok. 


.rtu _ 3500(0.88) 

l ti n *•* ' = 

18,02 


n 


Ufital 


3500(0.12) 

180.1 


- 2.332 


Solutions Chapter 10 


Step 6 and 7 

The degree of freedom analysis is as follows: 

Number of variables: 9 

Number of equations: 9 

Basis: F - 3500 kg of initial solution (equivalent to initial moles of 
H 2 0 plus moles of sucrose) 

Species material balances: 5 

H,0, C,H|,0 6 , C,H,OH, CjHjCOjH, CO, 


Specifications: 4 (3 independent) 

n H,o = 17 &4 or n^ Hl30t = 2.332 (one is independent, the sum is F in mol) 


„0ut 

n c*H,A 


90 

180.1 


= 0.500 


om _120 

n co ,- —= 2.727 


The degrees of freedom are zero. 

Step 8 

The material balance equations, after introducing the known values for the variables are: 


n 2 °: n" =170.9+(0)4, + (2)4, 

(a) 


C,H,,0.: 0.500 = 2J32+(-l)4, + (-l)^ 

(b) 


CjH 5 OH : n^ )OH 0+24,+(0)4, 

(c) 


C,H 3 COjH: n?“ HiC0 , H + 0+(0)4, +(2)4, 

(d) 

(continued) 
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CO, 


2.727 “ 0+(2)£j + (0)5, 


<e) 


If you do not use a computer to solve the equations, the sequence you should use to solve 
them would be 


Step 9 


(e), plus (b), (a), (c), (d) 

The solution of Equations (a) - (e) is 

£i - 1-364 kg moles reacting - 0.469 kg moles reacting 



Results 

Conversion to mass percent 


Species 

kg moles 

MW 

kg 

mass % 

H,0 

171.8 

18.01 

3094.1 

89.0 

C,H s OH 

2.727 

46.05 

125.6 

3.6 

c 2 h 3 co 2 h 

0.939 

72.03 

67.5 

1.9 

CO, 

2.272 

44.0 

100.0 

2.9 

C : H )2 O s 

Step 10 

0.500 

180.1 

90.1 

3477.3 

2.6 

1.00 


The total mass of 3477 kg is close enough to 3500 kg of feed to validate the results of the 
calculations. 
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KUO 

Steps L2. 3 and 4; 


SiH 4 +0,~+Si0 3 +2H 2 
4PH 3 +50, —►2P,0 3 + 6H ? 


100 % Qz 

100% SiH 4 
100% PH, 


siq 

p 2 o 5 


Step 5: Basis: 


1 g mol PH 3 
Step 6 : No. Unknowns: A, B, D, E, np. 0< 

Step 7: Element balances: Si, H, P, O, ©p 0 


Note: n P20i . +n Si0 ,- E 


Steps 8 and 9: 


P Bal fin grams): 


100 % 


© 

© 


Out 


1 gmol PH 3 

2 g mol P,O s 

2 g mol P 

3!gP 

= 3lgP 



4gmol PH 3 

1 g mol P,0 5 

1 mol P 







in P 2 0 5 

1 g mol PH 3 

2 g mol P,0 5 

5 g mol O 

16 g O 

-40gO 



4 gmol PH 3 

1 g mol PjOj 

1 g mol O 



Total: 7igP 2 0 ? 
_ (continued) 
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or since ail the P is in stream £: * ? 
Si Bal: 


2gmol P,0 5 


4 gmol PH, 


-- 42g ; P ;^ =71gP 2 0 5 


BgmolSiHj 

lgmolSioJ 

lgmolSi 

28.1 gSi 

BgmolSiHj 

!lgmolSiH 4 | 

lgmolSiO, 

IlgmoISiOj 

2gmolO 

1 gmol Si 

16gO 

1 

lg mol SiH 4 

lgmolSiO, 

lgmolO 


1 g mol P 2 0, 

Out 

f. -28.1BgSi 


71 


Total: 

■=0.05 3.55 + 3.0058B-71 


71+60,IB 

lgmolPHJ 34gPH, 

[ 1 gmol PH, 


; == 32B g O 


60.1 BgSiOi 
B =* 23.5 g mol 


■ 34g PH, 


23.5 gmol SiO? 

32.lgSiH t 


lgmolSiH 4 


= 7.54 gSiQO, 


754 

34 


= 22.2 


gSiP 2 


gPH 
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10.11 





Steps 1.2.3 and 4: 








Cu 





1 A 




B 

t 

D 

Cu(NH 3 ) 4 CI 2 — 



-►» Cu(NH 3 ) 4 C1 



C 


E 

nh 4 oh — 

-► 


-► h 2 o 




| F 





Cu 


Step 5: Basis: 1 board 



A: Cu foil — 

8in|o.03in|(2.54cm) J J8.96gl lgmolCu =2 2 „ ]Cu 



j nr 

| cm l6J.55gCu 

c „ . . 1-0.7 

F: Cu remaining - 

5|2.219gmolCu =()555gmolCu 

Steps 6 and 7: Unknowns: 

B, C, D, E 


Balances: Cu, N, Cl, H, O should be enough if one is redundant 

Steps 8 and 9: 

(Balances to be solved:! 


Cu Balance: 




(continued) 
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2.219gmolCu+ 


B g mol Cu(NH 3 ) 4 C1, 


IgmolCu 


| lgmolCu(NH 3 ) 4 Cl, 


DgmolCu{NH,).Cl 

IgmolCu 


Igmo)Cu(NH 3 ) 4 Cl 


Cl Balance: 



BgmolCu(NHACl, 

2 g mol Cl D g mol Cu(NH ) 4 Cl 

lgmolCl 


gmolCu(NH 3 ) 4 CL 

gmolCu(NH 3 ) 4 Cl 

N Balance: 



B g mol Cu(NH 3 ) 4 Cl j 1 

| 4gmolN CgmolNH 4 OH| IgmolN 


| gmolCu(NH 3 ) 4 Cl, 


I gmolNH 4 OH 


DgmolCu(NH,) 4 Cl 

4gmolN 


gmo!Cu(NH 4 )Cl 


Solution: 

Cu overall: A + B = F + D->A + B- F + (2B) 

2.219 +B = 0.555+ (2B) 

B « 2.219 - 0.555 = 1.664 g mol Cu(NH 3 ) 4 C 1 2 

CL D = 2B= 2(1.664) = 3.328 g mol Cu(NHj) 4 CI 

N; 4B + C = 4D 

C = 4(D-B) = 4(3.328 - 1.664) * 6.656 g mol NH 4 OH 


MW of NBLOH 

N 14 

H 4 4 

O 16 

H J. 

35 
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35gNH 4 OH 

6.656gmol 

gmol 



CufNH^ CL? 


Cu 63.55 

N 56.00 

H 12.00 

Cl 2 70.90 

202.45 


10.12 


202.45 (g/gmol) (1.664 g mol) = I 3 fe.?.?fi5 a ( N P,0 ,c !?l 


contaminated 

sand 

( 16,000 lb) 


Feed 

F 

Incinerator 

Mixer 

60%. 



H 

hexane 


sand plus 
combustion 
products 


O 2 enriched air 

x (?3 = 0.4 

100 % excess 

a) Basis: 8 tons of contaminated sand containing 30% PCB 


4,4' dichlorobiphenyl => Cl Cl Ci 2 HgCb, MW = 222 


8 tons sand-f PCbI 

0.3 ton PCB I 

120001b PCB 


tonsand + PCB] 

| ton PCB 


=4800 lb PCB 


A total balance around the feed mixer.: F + H = F 1 => H = [12,000lb,„hexane| 

(continued) 


If we want the net feed to be 60% combustible, we see that the sand is a tie component: 
A sand balance around the feed mixer: 16000(0.7) = F’(0.4) so F =28,000 lb. 
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b) C 12 H ft Cl, +13.50, -+ 12C0, +2HC1+3H,0 
C*H I4 + 9.50, 6 CO, + 7H,0 

Even with total combustion, we will produce undesirable HC1 which will adversely 
affect the environment if it is simply vented. Therefore, it would be wise to condense 
theHCl and H 2 O by cooling. Perhaps the acid solution might be sold to help pay 
for the process. 



16.54% C0 2 
12.20% 0 2 
HjO ~ ? 

HCH? 
n 2 = ? 


(40% O* 60% Nj) 

By a tie component for C0 2 , we know: 

12(21.62) + 139.5 ( 6 ) = 0.1654 P hence P - 6629 mol 
By anOde: 0.40(2)A = 0.1654(2)(6629) + 0.1220(2)(6629) + x Hj0 (1)(6629) 


a (6629)= 


21.62 PCB Reacted 

3H,0 139.6 C* Reacted 

--4 

X 

b 


1 PCB 

ic 4 


s 1042 


sox „ !0 - 0.1572 

From O tie balance: A 6065.4 mol of 40% 0 2 air 
Thus: (N 2 ) i B = (N 2 ) out = 0.6(6065.4)^3639.2 mol N 2 
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x Nj =^^ = 0.549 

Nj 6629.0 


, 2L 6 PCBReacted 2HC1 

We can get HC1 by a Cl balance:- TpCB = HC * m product 


Xhci- 0.0065 


Product 

Composition 


Component 


CO, 

0.1654 

0 2 

0.1220 

H,0 

0.1572 

HC1 

0.0065 

n 2 

0.5490 


We know % excess 0 2 used is: % excess ; 


loopo. fed-O, req'd] 
(O, req'd) 


0 2 fed = 0.4 (air fed) - 0.4 (6065.4) - 2426.2 mol 0 2 
Also, since we have total combusion, 

(0 2 req'd) = (0 2 consumed)« (0 2 fed - 0 2 out) «■ 2426.2 - 0.1220(6629) 
—1617.5 moles req'd 

Thus: % 0 2 = 100 f 2426 ' 2 :. 1617 ' 5 ] = |50%excessO, used| 

^ 1617.5 • / 
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10.13 


Basis: 100 kg mol 


synthesis . 
gas 


Burner 


flue gas 


One composition is unknown* the flue gas. After selection of a basis, the air flow is 
known. 

Hence* this problem can be solved by direct addition and subtraction 
Unknowns: (C0 2; H 2 O, N 2 .0 2 ) = 4 
Balances: (C, H, O. N) - 4 


Como. 

%-mol Reaction 

read.O? 

CO. 

C0 2 

6.4 - 


6.4 

0 2 

0.2 . 

-(0.2) 


CO 

40.0 C0+l/2 0 2 ->C0 2 

20.0 

40.0 

h 2 

50.8 H 2 +l/2 0 2 -»H 2 0 

25.4 


n 2 

2.6 - 

— 



XS O 2: (0.40)(45.2) = 

18.08 



Tola) O? in 

63.28 



N 2 in with 0 2 (63.28)(79/21) 

- 



Totals 


46.4 


H2O N2 


Q 2 


50.8 


2.6 


18.08 


238.05 


46.4 50.8 240.65 18.1 
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Comp, 

mol 

% 

CO, 

46.4 

13.0 

H,0 

50.8 

14.3 

n 2 

240.65 

67.6 

O, 

18.1 

5A 



Totals 

356.0 

100.0 


10.14 

| co 2 

A 0 2 0.21 

N 2 0.79 

C + 0 2 ->C0 2 
Basis: 100 kg mol coke 

Step 5 : 


F = 100 kg mol - 


1.00 


a. 0 2 in = 100 kg mol 


100 kg mol C 

1 mol 0* 

79 mol N 2 


1 mol C 

21 mol 0 2 


- 376 kg mol N, 


in 


Steps 6 and 7 : 

Unknowns: moles (ni) CO:, 0 2t and N 2 in P, and P 
Balances: elements C, O, N 

Equations: 

or add £ and have C, C0 2 , N 2> 0 2 species balances 


(continued) 
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Steps 8 and 9: 

Element balances 



in 

out 

C: 

100 - 

n COj 

20: 

100 - 

n co. 

2N: 

376 = 

n ", 


Component in P 

N* 

0 2 

co 2 




kg mol 

moi % 

376 

79 

0 

0 

100 

21 

476 

100 


With 50% xs air, xsOj, is 50 mol 

The total 0 2 in is 150 kg mol 
The N 2 in is 

H|™«564 
10.21 

The N and C balance are the same but the 20 balance is 


la 

out 

reacts 


150 

n o, * 

100 n Oi = 50 



Component in P 

kg.mp.1 

mol % 


n 2 

564 

79 


0 2 

50 

7 


C0 2 

]00 

M 



714 

100 


c. Same 150 mol O 2 enter and 564 mol N 2 exit but O 2 is different 
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in mol.C-O? used 

Used CO 

Oxygen balance: 

150 

90 

- 

5 - 55 kg mol O 2 lb fg 

Component 

kg mol 

mol% 



CO, 

90 

12.51 



CO 

10 

1.39 



0 2 

55 

7.65 



N 2 

564 

78.45 



Total 

719 

100.00 




10.15 

Steps 1.2. 3 n and 4: 


h 2 o 


C 

H 


mass fr. 

0.80 

0.20 

1.00 



mol 

n co 

n co, 

n o, 

I=F 


N 2 0.79 


1.00 


Steps 5.and 6: With a basis of 30 lb coal, only n N , ,n COl , 0 ^ ,F and W are unknown. 
Total 6 

___ (continued) 
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Step 7: Can make C, H, 0, N element balances. 


plus 


= - and In ; =F 
n co 2 


Do calculations in moles, but you don't need to make all of the element balances 


Comp, 

lb 

mol wt 

lb mol 

Rxn 

read O? 

C 

24 

12 

2 

C-K) 2 ->C0 2 

2.0 

2H 

^6 

2 

3 

H 2 -l/20 2 ->H 2 0 

L5 


30 




3.5 


3 .5 lb mol 0, 1.00 lb mole air 
0.2 lib mol 0 , 


16.671b mol air reqd. 


or i3^ (100) 

3.5 


1=24.'3%! 


10.16 

Steps 1.2 3 and 4; 


HjO 100% 



N 2 0.79 
1.00 


mol % 

CO To" 

CO2 8.7 

0 2 3.8 

N 2 86.5 
100.0 
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Step 5: Basis: 100 mol P 


Step 6 : Unknowns: x. v. A. W. F Total 5 

A and P will be mol 

Step 7: Element Balances: C. H. N. O 

Equations: 


a) !f x and y are moles, not mole fractions, 

add: x + y - F 


b) If x, y are mole fr., add x + y = J ,00 

Total 5 

Steps 8 and 9: Use x and v as mol: 


C balance: x = 8.7 + 1,0“ 9.7 


2N balance: y + .79A “ 86,5 


2H balance: 2x = W = 2(9,7) = 19.4 


20 balance: 0.21 A = (1/2) (W + 8.7) + 1.0 + 3.8 

i' 

Tr . 9,7 + 8 .7+ 0.5 + 3.8 

Use20bal: A--= 108 

0.21 

Use 2N bal: y ^ 1.10 


required 0 2 : CH 4 +20 2 -> C0 2 +2H 2 0 (]) 


(9,7)(2) - 19.4 mol 


total 0 2 in: (0.21) (108) = 22.7 excess 0 2 = 22.7 * 19.4 = 3.3 mol 

% xs air = % xs 0 2 = --“*-( 100 ) 

19.4 


(a) =il7%l 

(continued) 
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TT 


(b) Percentage of CH 4 , N* CH 4 = 

lfo 3 %l 


9.7+1.1 


(100) «H9J%j N, 


U 


9.7+1.1 


( 100 )= 


Alternate solution : Use extent of reaction and species balances. 

Another equation needed for CO: CH 4 + 1.50, CO + 2H,0 (2) 

Species balances to get £, and £: 

CH,:0 = n 

CO,: 8.7 = 0 + (1)4, 5, = 8.7 reacting moles 
CO: 1.0 “ 0 + (1 )4, ' t - 0 reacting moles 

Thus n?j r< = 8.7 + 1.0 = 9.7 mol and other compounds follow. 


10.17 

Steps 1.2.3 and 4: 


H 2 0 100% 

fw 


h 4 100%- 


T 


enriched ^ 40 
air N 2 J>2L 


StepJ; 

Step 6: 


100 

Basis 100 mol P 

Unknowns: F, A, W (all compositions known) 


„C0 2 20.2 

q 4.1 
N2-2&L, 
100.0 


(continued) 
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Step 7: Element balances: C, H, O, N (1 extra balance) 

Steps 8 and 9: 

C balance: 20.2 = F 

2N balance: 75.7 = 0.6A, A = 126.2 

2H balance: 2F = W, W=40.4 

20 balance: 0.4A ^1/2W + 20.2 + 4.1,50.5 * 20.2 + 20.2 + 4 .1« 44.5 
| Analysis is not correct!] 

10.18 

Steps 2. 3. and 4 : 

HjO 100% 




, 

l © 



mole % 

C 


® 



© 

co 2 

13.9 

13.9 

mass frac 

Furnace 

CO 

0.8 

0.8 

0.90 





0, 

4.3 

0.06 



I 




0.04 

®T 

t ( 

R) 


81.0 


1.00 

1 

mol frac 
0 2 0.21 

C 

mass frac 

0.10 


100.0 

14.7 


N 2 0.79 inert 0.90 

1.00 l .00 

Step 5 : Basis: 100 kg mol P 
Steps 6 and 7 : 

Unknowns; F, R, A,'W @ (continued) 



















































Solutions Chapter 10 


Probably ok but check for redundancy 

Balances: C. H. 0. inert. No 0 

Steps 8 and 9: 


Balances (in moles): 


C; . P(0.139+0.008)+ + W(0) 

H: ^^ = P(0)+R(0) + W(2) 


2N: A (0.79)= P(0.81)+ R (0) + W (0) 


20: A(0.21) = P(0.139+^~+ 0.043)+^ 


Inert (mass): F (0.04) = R (0.90) 


From 2N. A = = 102.53 kgmol 


From 20. W - 5.863 kg mol 


From H, F= 196.98 kg 


From inert, R = 8.7548 kg 


H . n: 196.98(0.06) = 594 


5 94 

0 2 in: - = 2.96 

2 

(continued) 
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Cin = 196,98(0.90) = |477 
12 

Step 10 : 

Check via C: 196.98 (0.90) /12 - 100 (0.147) + (8.7548 (0.i0)/12) ok 

Required 0-,: 14.7 + (5.863/2)- 17.63 kg mol Total Q,in - 102.53 (0.21) *21.53 
Excess (21.53 - 17.63)/! 7.63 = |0.22 Tor 2~2%[ 


Alternate solution using extent of reaction : 



c+o, ->co : 

(1) 



c+-o 2 ->co 

(2) 



2H+-0, ^HjO 

(3) 


C0 2 : 

nj 0; =13.9 = n^-f(l)4 


6-13.9 

CO: 

nJo-aS-nfo+OK, 


6-0.8 

N 2 : 

= 81.0 = 


A-102.5 mol 


0.21(102.5) = 21.5 mo! 

0 2 : 4.3 = 21.5 + (-l) (£,) + (--X &) + (--) (f.) £,=2.90 

2 2 

C: 


H: 


0*nj+(-1)03.9) h (-1)(0.8) n[. = 14.7 mol 

0 - nj + (-2) (2.90) n[' f =5.80 mol (some round off) 
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10.19 

Basis; 100 mol F 



x co 2 

X H,0 

X Oj 

£- 1.00 


50% xs ain Calculate O 2 and N 2 in with the air in 

reodO (molsl 

CH 4 +20 3 ->CO, + 2H-.0 


C,H 6 + 3j 0 ; 

CO+io,-> 
2 ' 


► 2C0 2 + 3H,0 


CO, 




60(2)= 120 

20(3.5) = 70 
2.5 

2> ” 192.5 


Less O 2 in gas 


5.00 

Net required O 2 
xs0 2 : 187.5 (.5) = 
Total 


187.5 

93.75 

281.25 


N 2 in with 0 2 


281.25 

0.79 


0.21 


: 1058 


(continued) 
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Material balances (elemental 1 ): 



in (F) + in (A) 


- out (P) 

C; 60 + 2 (20) +5 + 0 


a n COt 

H: 60 (4)+ 20(6)+ 0 


n Hjo(2) 

0 as 02; ^+5 + 

2 

281.25 = „ C0! +-“+ Hq. 

N as N2: 10 + 

1058 


1 OA 

n 0 = 288.75-105-^=93.75 

1 2 



moles composition of stack in % moles 

n co, ” W5 

7.26 


n h 3 o = 

12.44 


n Ni =1068 

73.82 


n o 2 -93.75 

6.4$ 


Total moles = 1446.75 


100.00 

out 
































Solutions Chapter 10 


10,20 

mole fr 


ch 4 

0.70 




Flue gas 

c 3 h 8 

0.05 

Fuel 

Flare 

CO 

0.15 

F mol 



Pmol 

°2 

N 2 

0.05 

0.05 

Air 

A mol 


LOO 

o. 

mol frs 

0.21 



N 2 0.79 
LOO 


mol fr 
C0 2 0.0773 

H 2 0 0.1235 

* 0 , 

N 2 

1.00 


Unknowns A, F. P* x 0 , ,x N; , Pick F = 100 as basis 


© 


Balances: C, H, 0, N (is one redundant ?) plus 
0.0773+0.1235+x 0j + x N; - 1 


© 


Balances: 

C: 100 (0.70) + 100 (0.05) (3) + 100 (0.15) - P (0.0773) 

N2: 100 (0.05) + 0.79A 

H2: 100 (0.70) (2) + 100(0.05)4 = P (0.1235) (redundant with C) 


I 


I 

j 

\ 


02: 100 (0.15) \ + 100 (.05) + A (0.21) 

2Xj 0.7992 

Solve C (or H2) balance for P; P = 1294 


= P 
= x n , +x 


(0.0773)+ ^|^ + x 0 


Solve N2 ( 02 and Exj = I simultaneously for A, x 0? , x N , 


(continued) 
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A =1203 moles x 0 , : 

= 0.0648 and x N , = 0.7344 (not needed) 

Calculation of the rcauired 0? 

Reouired 0? 

CH< + 20, ->C(X+2H,0 

70(2) -140 

C 3 H 8 +50, —> CO 2 +4H 2 0 

5(5) -25 

CO+^O, ->CO, 

I5(- ) = 7.5 

2 

O 2 present in F 

-5.0 

167.5 reqd 

A(0.21) - 252.54 0 2 in 


less 167.5 read O-f 

85.04 xs 0 2 


85.04 (100) = |5T%1 

167.5 
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10.21 

Steps 1 . 2 . 3 . 4 : 


F «100 (basis) 


CO 13.54 
CO 2 15.22 
H 2 15.01 
CU, 3.20 
N 2 53.0 3 
100.00 


O^reod 

6.77 

7.505 

6.40 

20.675 


p 

mol fr. 

mol fr. 

calculated 

co 2 

X 

0.143 

31.96 

0 2 

y 

0.037 

8.27 

N 2 

z 

0.724 

161.92 

h 2 o 

JlXl£Z 

1.00 

0£96 

1.00 

2141 


0.21 0 2 
0.79 N 2 
1.00 


Step 5 : Basis: 100 mol F 
S»ep 6 : Unknowns: P, x, y, z 
Siep 7 : Balances C,H,0,N ok 
Steps 8 and 9: 

Air in is based on complete combustion 


CO + -O, -» CO, and CH 4 + 20, -> CO, +2H 2 0 


xs O 2 = 0,40 (20.675) « 8.27 

reqd 0 2 = 2Q.675 

total O 2 28.945 28.945 

N 2 in with air 28.945 [^j = 108.89 mol 

Air * H~37.84 moll 


Balance 


2N N 2 out = 108.89 + 53.03 « 161.92 mol 


(continued) 
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C 

2H 

20 


C0 2 out« 13.54 + i 5.22 + 3.20 » 31.96 mol 
H 2 0 out - 15.01 + 2(3.20) “21.41 mol 

O 2 out - 28.945 + +15.22-31.96 - 3L11 _ 8.27 mol 

2 2 


(as Oj) 

Alternate solution: Use the extent of reaction and species balances 

10.22 

Steps 1. 2.3 and 4 : 


B 


ch 3 ch 2 oh 1.00 


CH 3 CHO 1.00 


m ol, wt. 

CH 3 CHO 44 
CH 3 CH 2 OH 46 




wh 2 o 

Air .2103 1.00 

J9N2 
1.00 


P = ICO mol (Basis) 

~^ °A C Q z 

C0 2 0.7 0.7 0.7 

Oz 2.1 2.1 

CO 2.3 2.3 2,3/2 

H 2 7.1 7.1 

CtU 2.6 2.6 5.2 

N 2 M2 _ _ _ 

100.0 5.6 3.95 12.3 


Step 5 : Basis: 100 mol P 
Step 6 : Unknowns: F, A, B, W 
Step_7 : Balances: C, O, H, N 
Steps 8 and 9 : 


ok 


Via algebra 

2N balance: A(.79) * 85.2 A * 107.85 mol 

C balance: F(2) = B(2) + 5.6 

2H balance: F(3) = B(2) + W(l) j- 12.3 _ 


(continued) 
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20 balance: F(- ) + (.21)A = B (-) + W (—) +-3.95 

2 2 2 


Solution: 


B - 44.1 mo) 
F - 46.9 mol 
W = 40.2 mol 


44.1 mol acet. 

44 kg acet. 

1 100 mol P 

[l kg mol EtOH 

100 mol P 

! kg mo) acet. 

[ 46.9 mol EiOH 

1 46 kg 


= [08991 kgacetaldehyde 
kg ethanol 


Alternate solution: Use extent of reaction and species balances, but it is more 
complicated. 


10.23 

Steps 2 , 3. and 4 : 


7,9%N 2 

21%0 2 


F= 100 mol x 

— 

-*■ p 

CS 2 40.0 

so 2 10.0 

t 

I 

XC0 2 

x so_ 

H 2 0 50.0 

1— w 

100% H 2 0 

2 

*o 2 


SCepJ; 


Basis; 100 mols feed; assume complete combustion 


Step 4 ; 


Equations: 

CS,+ 3<X~+CO, +2SQ, 


O 2 required: 


40 mol CS, 

3 mol 0, 

1 

1 mol CS 2 


- - 120.0 mol O, 


(continued) 
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0 / O, excess ... .. 

% excess: —=- x 100 =% excess 

0 3 required 


Steps 6. 7. 8 and 9 : 

5 unknowns and 5 equations —»• unique solution 



Element balances 


Component 

Mol in 

Mo) out 

C 

40.0 

^ x co, 

2S 

-(10.0) + 40.0 

“(0.02)P 


2 

2 

20 

10.0-r-(50.0)+.21A 

(Vo, + 0.02 + x 0j )P+ W 

2N 

.79A 

(i‘ x o. “0.02-x fOj )P 

2H 

50.0 

W 


2(410) 

.02 

x f0 . =0.0089 


* Excess = 0.1829(4500 molO.) _ |^Tj 


Alternate solution: Use extent of reaction and species balances. 
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10.24 

Steps 2.3 and 4 : 




W* 

, h 2 o 1.00 

_ Fuel 



Flue gas 

mass fr. 

C 0.74 




H 0.14 
ash 0.12 

1.00 

A 

\ 

R 

ash 


air 0 2 0.21 1 00 

N 2 0J9 
[.00 


p 

co 2 

CO 

02 

N 2 


mo] 

12.4 

1.2 

5.7 

JOJ 

100 . 


Step 5 : Basis: P ~ 100 mol 

StepjS: Unknowns: F,A,R,W a discrepancy unless one 
Step 7 : Balances: C,H,0,N,ash balance is not independent 
Steps 8 and 9 : all balances in moles 


C balance: ^^=12.4+1.2 = 13.6 

p =2*^^ 

0.74 

2N balance: A(0.79) = 80.7 A = 102.2 mol 

2H balance: -\v : w » 15.44 mol 

20 balance: A(.21)= + 12.4+H+5.7 (continued) 
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21.46 = 26.42 not equal hence 
[Some discrepancy exists] 

A total balance can be used, but must be in mass, and the mass of P calculated. 


10.25 

Basis: 100 moles exhaust gas 


exit gas 

Comp exhaust gas mol _ %_ 

C0 2 16.2 tie element 13 j 

O, 4.81 

N, 79.01 838 

Total 100.0 

16.2 mol CO, 1 100 .0 mol exit gas 
I 00.0 mol exhaust gas) 13.1 mol CO, ~ * m ° exit ® as 


mol 

16.2 


exhaust gas = 100.0 mol 


air leaked in - 23.6 mol 


23.6 

100.0 


= [0,236 mol air/ mol exhaust gas] 
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10.26 

Steps 2,3. and 4 ; 


H 2 0 100% 


Sludge 
mass frac 

0.40 
0.32 
0.04 
, 0.24 




Furnace 


mol 


® 


(f) mol 


1.00 


N, 


mol frac 
0.21 
0.79 


1.00 


mass 

Fuel oil 1b 


'“h 

IF(lb) 


CO 

CO, 


so. 


mole % 

im 

10.14 

4.65 

81.67 

1.52 

100.00 


Step 5 : 

Basis: 100 mo! P 


Steps 6 and 7 : 

Unknowns: S, W, F (or m H )A me ©Element Balances: S, C, H t O, N 
Element Balances (moles) 

0.32S 


S: 


32 


! = 1.52 


2N: A(.79) = 81.67 

C: a0 1 40} + n k=J0l4+202 
12 12 


S = 152 lb 

A= 103.38 lb mol (2998.01 lb) 

m c -85.12 lb 


(continued) 
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20: Mip +A(0 . 21) = | +1 . 52 + 10 , 4 + 4.65 + ^f 


W = 11.04 lb mol (198.71 lb) 

*04^ + 3, = w 

2.03 2.03 


S 1521b 
F _ 101,44 lb 


=1.50 


10.27 


m H = 16.32 lb 


Check via a total mass balance 

152+ 16.32 + 85.12 +2998.01 
3251.45 


C 

H 


; 198.71 +3035.56 
l 3234.27 close enough 


]b 

85.12 

16.32 

101.44 


’ ® 


mass fr 

0.84 

0.16 

1.00 


Basis: 1 min 


1000 gal 

ft- 

1,05x62.4 lb soln. 

0.021b H,SO, 

mo) H ? S0 4 

mol CaO 

min 

7.48 gal 

ft J 

lb soln. 

98 lb H,SO, 

mol H,S0 4 


56.1 lbCaO 


100.3 lb CaO/min 


mol CaO 

Feed rate of CaO - 1.2 [CaO] ihepr - 120.4 lb CaO/min 


(continued) 















































Solutions Chapter ID 


CaS04 production rate = 


100.3 IbCaO 


mm 


moiCaO [mol Ca$0 4 


56.1 IbCaO molCaO 


136.1 IbCaSO, 


mol CaS0 4 


ton 


2000 lb 


60 min 

24 hr 

365 d 

hr 

d 

yr 


• - 63,947 ton/yr 


10.28 

Basis: 100 mol of product gas 
NH 3 + 20 2 -> HN0 3 + H,0 

The product gas from such a reactor has the following composition (water free basis): 

0.8% NH 3 
9.5% HN0 3 
3.8% 0 2 
85.9% N 2 

Determine the percent conversion of NH 3 and the percent excess air used. 

n NHj ~ n NH, +U NHj(9<5) 

0.8=n^ +HX9.5) 


0.8+9.5 =*10.3 mol 


n™ -n 


= 5 


9 5-0 

For HNOj:—j—-=9.5 = 4 
Percent conversion f- (100%) $/F « 92.2% 


(continued) 
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Calculate the entering oxygen using a N 2 balance: 
N 2 : 0.79A - 85.9; therefore, A - 108.73 mol 
Calculate the theoretical 0 2 needed for the reaction 
(0 2 )thwr - 2 x 10.3 = 20.6 mol 
Feed rate of 0 2 “ 0.21A = 22.83 mol 
% Excess 0 2 - [(22.83-20.6)/20.6](100) = 10.84% 


10.29 

Basis: 100 mol of product gas (20.5%, C 2 H 4 0; 72.7 N 2 ; 2.3 0 2 ; and 4.5%C0 2 
C;H. + ^O, -»CjH 4 0 


C,H, + 30, -» 2CO. + 2H,0 


n°“ 1 — n in 

Calculate 4,: 4i = -1-t- 

Calculate 4 2 : Use C0 2 : 


Use CjH.0: - = 20.5 




4.5-0 

2 


= 2.25 


Calculate the entering air using a N 2 balance: 
N 2 : 0.79A = 72.7; therefore, A = 92.03 mol 
Calculate the moles of C 2 H 4 entering (F) 

0-F = -4j-^ henceF = 22.75 


(continued) 
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Qz feed rate = 0.21 A = i 9.33 mol 
(O^iheor” F/2 = 11.375 mol 
% Excess 0 2 *R19.33-1 !.375)/l 1.375](100) = 70.0% 
To get the ethylene feed: 


22.75 C,H 4 

1100,000 ion C 2 H„0 

2000 lb C 2 H<0 

mol C 2 H 4 0 

20.5 mol C,H 4 0* 

yr 

ton C 2 H d O 

44 lb C 2 H 4 0 


yr 

d 

28 lb C 2 H 4 

365 d 

24 h 

mol C,H 4 


10 30 Assume ammonia and glucose (MW = 180.1) arc fed in stochiometric 
proportions. 

The reaction equation has to be set up and balanced to use the value given of 60% (mole 
assumed) conversion of glucose. 

a C 6 H J2 0 6 + b NH, ->c CH J 8 O O5 N 0 , +d C 2 H 6 0 + e C0 2 + f H,0 

Pick a basis of 4.6 kg of EtOH (C 2 H 6 0, MW - 46.07) 


= 100 g mol EtOH produced 


To balance the chemical reaction equation use element balances. Take a basis of a = 1. Assume 
60% conversion of the glucose means that 1 mole of glucose produces 0.6 mol of ethanol, not that 
one mole of glucose produces 3 mol of ethanol. 


4600 g EtOH 

1 g mol EtOH 


46.07 g EtOH 


6 = c + 2d -f e 
12 + 3b“1.8c + 6d + 2f 
6 = 0.5c + d + 2e -+ f 
b = 0.2c 


Specifications 0.60 * d 


(continued) 
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Results 

a * 1 (the basis) 

d = 0.6 

b = 0.8 

e = 0.S 

c = 4 

f- 1.8 

167 g mol C 6 H 12 0 

0.08 g mol NH 3 = 133.6 g mol NH 3 

167 g mol C 6 H 12 0 6 

1 g mol QM I2 0 

180.1 g C 6 H j2 0 6 = 30,076 g or 30.1 kg C 6 H 12 0 6 


1 g mol C 6 H 12 0 6 


133.6 g mol NTJ 3 

17.03 gNH 3 = 2,275 g or 2.28 kg NH 3 


1 g mol NH 3 

10.31 

Basis: F - 100 lb given in Example 10,9 


This basis gives P = 50 lb moles. Note: If the problem calculations were redone because 
of the stated additional reactions, the value of P = 50 for two significant figures would not 
change. Similarly, the other values of the moles in P would not change. Thus, the SO? + CO? is 
0.154 (50) = 7.7 lb mol. The values of the pertinent components (for NO* use NO l s ) for this 


problem are 



lb mol 

MW 

kg 

ELU/ke 

ELU 

NO*: 

(0.0024) (80.6) 

= 

0.193 

2.2 

4.25 

0.22 

0.93 

CO: 

(0.0018) (7.7) 

= 

0,090 

28 

2.52 

0.27 

0.68 

SO?: 

(0.014} (7.7) 

= 

0.002 

64 

0.128 

0.09 

0.012 

n 

O 

(0.986) (7.7) 

= 

7.59 

48 

364 

0.10 

36.4 


Total HO] 

the total lb mol of nitrogen (N) entering is 2(50) (0.S06) x 0.001 = 80.6 _ 
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2 (The two overall balances on A and B sum up to the overall balance on 
the system) 


11.2 

4 (such as 2 component balances for each unit) 


11.3 


Unit I involves A, B, C 
Unit II involves D, E 
Unit III involves A, B, C, D 


Components 

3 
2 

4 


Number of independent balances 9 

If A and B are always combined in the same ratio, then you have to reduce the 
independent balances by I for Unit I and 1 for Unit III, a total of 2. 


11.4 


| Six independent eqautions if all compositions areknown.| The sum of the 

components (in moles) would equal the total flow, hence not all of the equations 
that could be written would be independent, only 2 per subsystem. 

Total balances: 

Condenser 

F 2 = F 4 + F 5 (F 3 does not mix, hence cancels out or can be omitted) 
Columq 


Solutions Chapter 11 


Fj + Fs+ F 9 -F 2 + F 8 
Reboller 


F 8 =f 9 + F 7 (Fg does not mix, hence cancels out or can be omitted) 
Component balances: 


In addition, (2) component balances could be written for each component for each 
subsystem cited above. Multiply fi by the composition x„. 


wiu r itwu an 

11.5 


Unknowns: stream flows including F: 

6 

Mass fractions (7 plus 3 in F) 

10 16 

Independent material balances: 


Species in i: 3 


2:2 


3:3 

8 

Other independent eauations: 


Z&, -1 in each stream including F 

8 16 
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11.6 


Basis: F - 100 kg m = mass fraction 



m ass ft . 

A iti’a 
B m' B 
C mV 
LOO 


A 0.002 
B m 2 p 
C m 2 r 
LOO 


(a) SEPARATE ANALYSIS 
Column (1) balan ces 


(1) A: 015(100) = W t (m^) + P,(0.60) 

(2) B; 0.30(100) = W,(m^)+ P,(0.20) 

(3) C: 0.55(100) * W,(n£)+ P,(0.20) 

100-W, + P, 

(4) 


any 3 
are indept. 
eqns. 


4 indept. eqns. 


Unknowns: ,m 0 ,m c 

5-4=1 degree of freedom 


5 unknowns 
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Column ( 2 ) balances 

(5) A: m* W t - 0.10 P, 4 0.002 (20)' 

(6) B: mi, W, =0.85P, + m*(20) 

(7) C: m[ W, = 0.05P, +mj.(20) 

W, = P 3 + 20 
+ mj+ mj. - 1 
0.002 + = 1 

Unknowns: W,, P,, mj^, mj,, mj., m' > unknowns 
7-5 = 2 degrees of freedom 

JOINT ANALYSIS 


any 3 
are indept. 
eqns. 


5 indept. eqns. 


Adding the 2 units to make a joint system 


No. of No. of 
Unknowns indept. Eqns . 


♦ From the separate calculations start with: 1 2 9 

* Delete the 4 common variables 

that are treated as unknowns 

in both subsystems leaving: 8 9 

• Delete the equation 

m A +m D 4 m c 

that will no longer be independent in 

the joint system (it appears in both 

subsystems) once leaving: 8 8 


Degrees 
of freedom 

3 


-1 


0 


(continued) 
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Solutions Chapter H 


ANALYSIS OF .OVERALL SYSTEM 


System overall balances 


(1) A: 100(0.15) -P, (0.60) + P, (0.10) + 20 (0.002)' 


(2) B: 100(0.30) = P, (0.20)+ P, (0.85) + 20 (m^) 

(3) C: 100(0.55) -P, (0.20) + P, (0.05) + 20 (mj) 

4 indept. 

eqns. 

0.002+ mj+m£ = l 


Unknowns: P,, P 2 , , mJ 4 unknowns 


4-4-0 degrees of freedom as expected 
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n.8 

Basis: 1 hr (1000 kg) 

a, Overall balances: 

Total: 1000 = W + D 

Salt: 1000 (0.0345) = 0 + 0.069D 

| W= 500 kg) |D = 500 kg| 


b. Salt balance on the freezer: 

1000 (0.0345) = 0 + 0.048B |B = 718.75 kg) 
Total balance on the freezer: 

1000 = A + B |A = 281.25 kg] 


Total balance around filter: 

B = 718.75 = C + D |c~218.75 kg| 


11.9 


Basis: 220g lgG from the reactor 


„ 140 

Fraction recovered - = 

220 


Solutions Chapter II 


11.10 

Steps: 1.2.3. and 4: This is a steady state process with no reaction taking place. All the 
compositions are known except for stream C. We can pick the overall system first to get 
D, and then make balances on the first (or second) units to get C and its composition. 


Step 5: 

Basis: 

F = 290 kg (equivalent to 1 second) 

Step 6 : 

Unknowns; 

A, B, C, D and E and the composition of C 

Step 7: 

Balances: 

NaCl, HC1, H 2 SO 4 , H 2 0, inert solid 

Step 8 : 

For the overall system there are 4 unknowns (C is excluded) and 5 species 
balances: 

Overall balances fka) 



jn_ _Out. 


NaCl: 

A(0.040) 

HCt: 

A(0.050) 

H 2 S0 4 : 

A(0.040) 

H 2 0: 

A(0.870)+B(0.910) 

Inerts: 

B(0.09) 

Totals: 

A + B 


290(0.0138) 

290(0.0255)+D(0.020)+E(0.015) 
290(0.0221 )+D(0.020)+E(0.015) 
290(0.9232)+D(0.960)+E(0.970) : 

290(0.0155) 

D + E4290 


Steps 6 and 7: 

Two of the equations are not independent: HC1 and H 2 SO 4 . 
HC1: D(0.020) + E (0.015) = 7.40 - 5.00 = 2.40 
H 2 S0 4 : D(0.020) + E (0.015) - 6.4i -4.00 = 2.41 

Thus, overall the degrees of freedom are 0. 


Steps 8 and 9 : 

The solution of the equations is (in kg/s) 


(continued) 
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fA= tool [b~= 50L lD = 60l and H"= 


from which ic = 1561 via a total balance about the first unit. 


11.11 


Notation: Subscripts Benzene = bz, Xylene - xy, Solids 8=8 s 
W = mass fraction, F* - liquid stream, S* = solids stream 


“ S bz = 1.0 

Q) S s~0 

1.0 


o> S ft ~0 

1.0 


<0 S bz = (l-^y) 
o> s ; y 

Q> S s = 0_ 


1.0 


s° 

I 

s J B 


S 2 



2 


tt2 




0) F ' b2 = (1-61 
F l 

O^y 

(d F s = 0.9 


Step 5 : Basis 
Steps 6 and 7 : 


1.0 

is 1 hr (F° = 


® F *y 

CO F 1 =0.9 
t.O 


t.u 

8 2000 kg and S° = 1000 kg) 


“ F b,=0 

(0 F x y=O.I 

^ a - 0.9 
1.0 


Unknowns: 


Material Balances: 


Unit 1: o) F y,ci)^,© F y, S 1 , F 1 ,? 2 
Unit 2: ©f y , ©£,©*’, S', F l ,S 2 

Unit 1: bz, xy, s 
Unit 2: bz,xy,s 


Net - 8 
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Additional Equations: © F y = © xy and © F y = ©f y (the related equations for benzene are 
redundant). Total equations - 8. 

The solution is simplified if two balances are made first (not an essential step): 

All material balances are in kg. 

Solids balance on Unit 2 and also Unit 1 : 

2000 (0.9) = F'(0.9) F 1 * 2000 

2000 (0.9) * F 2 (0.9) F 2 = 2000 

Total balance on Unit 1 and also Unit 2 : 

2000 + S 1 - 2000 + S 2 S^S 2 
1000 + 2000^2000 + S' S 1 = 1000 
S 2 - 1000 

The other balances are 
Unit 2 : 

Benzene: 1000( l-©J y ) = 2000(1-©^)+ 1000(1-©^) 

Xylene: 2000(0. 1 ) + 1 000©* y - 2000©* + 1 000©^ 

10© F ' = ©* 
w xy w xy 

Unit 1 : 

Benzene: 1.0(1000) + 2000(1 - < 0 *) = 2000(1 - ce£)+1000(1 - a*) 

Xylene: 0+2000<o* =2000«£+1000(o>*) 

10a) F ’ = (i)* 

Solve the equations to get the compositions of the streams: 

(continued) 
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Stream 

Component 
wt fr 

Stream 

Component 
wt fr 

S° 

Bz 1.0 

Xy 0.0 

F° 

Bz 0.9 

Xy 0.1 

S J 

Bz 0.97 

Xy 0.03 

F' 

Bz 0.082 
Xy 0.018 

S 2 

Bz 0.82 

Xy 0.18 

F 2 

Bz 0.097 
Xy 0,003 

Xylene in Feed 

- 2000 x 

0.1 =200 kg 



Xylene in Product = 1000 x 0.18= 180 kg 


1% Recovery] = x 1QQ = |90%1 


11.12 

Step 5 : Basis: F - 100 kg and Dj = 10 kg 
Steps 2. 3. and 4 : 
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Additional information: 


i .00 

P^3D 3 = 30 kg 
P2 = D 2 


Begin with overall balances. 
Steps 6 and 7 : 


Unknowns 4: D,,D,, mf 
Balances (3): A, B, C (plus total) 
Implicit equation (1): mJJ J + m[J J = 10 kg 


^Degrees of freedom - 0 


Steps 8 and 9 : 
Overall balances 


(continued) 
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Total: 100 = Di + D 2 + 10 + 30 or 60=Di + D 2 

C: 100 (.30) * 0.27D] + 0.73 D 2 +0 

Solve these two equations to get Di = 30 and D 2 = 30 
Get m J 1 and from A balance andm^+mS’ = 1 
A: 100(.50) = 30(.5Q) + 30(.17) + I0mJ> + 30(.70)so, mj’ -0.89 

+tnjJ , = lso mjJ J =0.11 


St ea lO: 

Note - Can check using the B balance (not independent) 


Balances on Unit No. 3 



A 0.70 
B 0.30 
C 0 

1.00 


Steps 6 and 7 : 
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Unknowns (5): E, mJ, , m*, m| 

Balances (2): A, B 

Implicit equations (2): mj +m£ = 30, mj+ m| - E 
Other equations: mJ = 4mJ 


Steps 8 and 9 : 

Total:30+E = D 3 + P 3 = 10 + 30 = 40 
One component balance: 


so E=10kg 


A: 30t<=+10m* = 10(.89)+30(.70) = 29.9 
B: 30mB J +10m^ = 10(.ll) + 30(.30) = l0.1 j 


\ not independent equations 


Z mf 1 -m^‘ + m£ ! =0 m e < = 0.80 

m^ 1 =4mJ l J m B 1 *0.20 

30 (.80) + 10m \ -29.9 so that =0.59 

m A + mj*l ml =0.41 

Too 


so that 
| or 59%| 

|or41%| 


11.13 


Two subsystems exist, hence 4 component balances can be written. No reaction 

occurs and the process is assumed to be in the steady state. Steps are omitted here. The 

balances are 


System: Splitter 

System: Stock Chest 

Total: R = E + P 

Total: P+N = L 

Fiber: 2.34-x^x* 1 

(a) Fiber x p +xN =103.26 

Water: 7452-4161+3291 

Water: 3291 + 18 = 3309 (continued) 
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AlsoN(0.15) = 18 N= 120 

Overall balances 

0.85 (N)=xN = 0.85 (120) (b) 

Total: R+ N = E + L 

Fiber: 2.34 + x N = x E +103,26 (c) 

Water: 7452 + 18 = 4161 + 3309 


Substitute (b) into (c), solve (c) for x E , and then solve (a) for x p - 

]x N =102 x>’=1.26 x E =1.08 

all inkgl 



11.14 

Steps 1. 2. 3 and 4: 


HC1 (g) 
Ai 


mol % 
64.29H, 

14.29SiCl 4 
21,42 H,SiCl, 




100% Si w 



Separator 

100% 

—B-^ 

Reactor 


E W 


HSiCl a 


Step 5: Basis: 


100 kg Si 

1 kg mol Si 


28.09 kgSi 


HjSiCU 
100 kg B 

= 3.560 kg mol Si 


j 


Steps 6 and 7: Unknowns: A, D, E 


Balances: 


H, Cl, Si 
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Steps 8 and 9: Balances to be solved: 


System: overall process 


Si overall mole balance 

kg mol Si - 3.560 

-Dl'-mnIr 3 | 0 ' 1429k - 8mOlSiCI * 

lkgmolSi 

j 0,2142 kgmol H 2 SiCl, 1 

| 1 kgmol Si 

-u Kg mot gas 

L kg mol gas 

kgmolSiCl 4 

kg mol gas 

kgmol H, Si Cl 2 


E kgmol HSiCI, 

1 kg mol Si 


kgmol HSiClj 


■ =0.3571D+E 


Cl overall mol balance 


A kgmol HC1 

1kg mol Cl 


kgmol HC1 


■ Dkgmolgasj 


/ 0.1429kg mol SiCI, 

4 kg mol Cl 

\ kg mol gas 

kgmol SiCl 4 


. 0.2142kgmol H.SiCI, 

2 kgmol Cl 1 ; EkgmolHSiCl* 

3 kg mold 

kg mol gas 

kgmol H 2 SiCl 2 j 

kgmol HSiCl, 


A = D + 3E 

H overall mol balance 


(continued) 
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A kgmol HC1 

IkgmolH _i 0.6429kg mol H, 

2 kgmol H 

0.2142kgm 

kgmolHC 

ol H,SiCl, 

'1 L kg mol gas 

2 kgmol H 1 E kgmolHSiCl, 

kg mol H, 

j l kg mol H 


kg mol gas 

kgmol H,SiCl 2 J + 

| kgmolHSiCl, 

A~ 


1.71421D + E 


Solution: 

3.560 * 0.3571 ID + E 

(3) 


A 

= D + 3E 

© 


A 

= L7142D + E 

© 


2E 

-0.7142 ID 



E 

*0.3571 ID © 


(D© ->3.56 

*0.35710 + 0.3571 D 



D 

*4.98 




E 

= 1.78 




A 

= 10.32 



MW 



H 

1.01 



Si 

28.09 



Cl 3 

106.35 




135.45 kg/mol 
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135.45 kg HSiCl 


kg mol HSiClj 


1.78 kg mol nrm— 

---- |241 kg HSiC1 3 | 


11.15 

Step 5 : Basis: 100 kg mol-F 
Steps 1.2. 3.4 : 


w 100% 

h 2 o 


F (kg moi) 


m ol fr. 
CH 4 0.70 
H 2 0.20 
C 2 H 6 0.10 
1.00 


Furnace 


E (kg mot) 


mol fr. mol 
C0 2 n E COi 

0 2 0.02 n E Q 3 

H 2 0 n E H p 

N 2 

Too TT 


Duct 


P (kg mol) 


(kg mol) 
Air? 
mot fr. 
0,21 0 2 
OJ9 H 2 
LOO 


m ol fr. mol 

C0 2 n P cOj 
0 2 0.06 n p 0f 

N 2 _ 

LOO p 


A (kg mot) 
mol fr. 

0.21 0 2 
0.79 N 2 
LOO 

Assume first an air leak occurs and use material balances to calculate the amount. This is 
a steady state flow process without reaction. 

Overall system 

Step 6: Unknowns are: A.»B, W, P, x N , (or n Nj ), x COj (or ) 

Step 7 : Balances are: C, H, O, N, ]T xf=1 (or * P) 

(continued) 
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Step 8: 

In 

Out 

C (kg mol): 

0.70(100)+0.10(100)2 

= n co. 

H (kg mol): 

n ro , = 90 kg mol 

0.70(100)(4) + 0.20(100)(2) + 0.10(100)(6) - \V(2) 

20 (kg mol): 

W = 190 kg mol 

0.21A + 0.21 B 

- 190 < !00 > + 90 + 0.06P 
2 

2N (kg mol): 

0.79A + 0.79 B 

= < 


90 + 0.06P+ C 

= P 


A balance about the furnace or about the duct is needed, or those two alone would have 
been sufficient, omitting the overall balance. 

System: Duct 

Step 6 : Unknowns: A, E, n£ 0j , n£ v0 


Step 7: Balances: 

C.H.O, Nj.^Tnf =E 

Steps 8 and 9: 


C (kg mol): 

0.70(100) + 0.10(100) (2) = Deo. 


n co. = 90 kg mol 

H (kg mol): 

0.70( 100)(4) + 0.20 (100) (2) + 0.10( 100) (6) = n' :0 


"U - >90 

20 (kg mol): 

190 

0.21 A = n‘ i +90+ — 

2N (kg mol): 

0.79A = n£. 

90+ 190+ nj; 

, + n N. =E 

n 0 

0.02 = 



Solutions Chapter 11 


Solution 




ks mol in E 

ke mol 

n co : 

90 

A 982 

n HjO 

190 

E 1077 

n o. 

21.5 


< 

776,. 



1077.5 


From the overall 2N balance 

0.79(982)+ 0.79B = nj,, (1) 

20 balance 

0.2 1 (982) + 0.21B = 185 + 0.06P (2) 

(!') 22,2 + 0.21B = 

0.06P 

1 B - 207 kg mol 

(3) 90 + (0.79)(982) + 0.79B = 0.94PJ P = 1095 kg mol [207] kg mol / 100 kg mol F 

_i 


11J6 


100% H,0 


Assume steady state process 



mol fr. 

C 0357 
H 0-643 
1.00 


Basis: 100 mol natural gas 


(continued) 
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Comp. 

mol^/oatoms C atoms 0 

atoms H 


CH 4 

96 96 


384 

C 2 H 2 

2 4 


4 

co 2 

2 2 

4 

- 

Total 

100 102 

4 

388 

Basis: 100 mol oil 



Comp. 

atoms C 

atoms H 

(CHi.g)n 

100 

180 


Basis: 100 mol flue gas (dry) 



Comp. mol% 

moLC mol 0 atoms H 

molN^ 


C0 2 

10.0 10.00 20.00 


CO 

0.63 0.63 0.63 



0 2 

4.55 - 9.10 



N 2 

84.82 ~~ 

84.82 


Total 

100.00 10.63 29.73 

84.82 


Note: 

If have separate air streams, we have 5 unknowns and can’t solve. 


Basis: 

100 mol natural gas (or use 100 mol dry gas product.) 


Let F 2 

= mol oil 



Fi orP 

- mol dry flue gas 



A 

= mol air to natural gas fed boiler plus oil fed boiler 


W 

= mol water associated with the dry flue gas 
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Four balances: In-Out 


C balance 



102 + F 2 

« 0.1063 P 

(i) 

N? balance 



0.79A 

= 0.8482 P 

(2) 

H balance 



388+ 1.80 F 2 

= 2 W 

0) 

0 balance 



4 + 0.42A 

= 0.2973P +W 

(4) 

P 

- 1729 mol dry flue gas 


W 

= 268 mol H 2 0 


f 2 

= 82 mol oil and 1 mol C “ 1 mol oil so 


C in oil - F 2 

- 82 mol 


Total C= 102 + 82 

= 184 mol 


% C burned from oil - (0,82)(100) = (44.5%1 

184 
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11.17 


Steady-state, reaction take place 


m A NaCI 

m A H 2 0 



50 % NaOH 
7% NaCl 
43% H 2 0 


Overall balances 


Steps 6 and 7 : 

5 unknowns: A, B, D, E, G 
4 balances: Na. C1, H, 0 
other equations: A/B - 30/70 

Steps 8 and 9 : 

(a) Percent conversion of salt to sodium hydroxide. 
Basis: 1 lb product *= H 
lb mol of NaOH; 


1 lb 

0.5 lb NaOH 

lb mol NaOH , tn .,„ 1XT 

-= 1.25 x 10 lb mol NaOH 


lb 

40 lb NaOH j 

lb mol NaCl: 


1 lb 

0.071b NaCl 

Mb mol NaCl . 1/v1 lvir ,, 

-= 1. 20 x 10 lb mol NaC 1 


lb 

[58.45 lb NaCl 
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Conversion = 


1.25*10 2 


-fl00) = l9l.2%) 


(b) 


(c) 


1.25x10-+ l.20xl(T 
How much chlorine gas is produced per lb of product? 


1.25*10° lb mol NaOH 

0.5 lb mol Cl, [70.9 lb Cl, 


lb mol NaOH [lb mol Cl, 


|0,44 lbC) 2 /lb product] 


A = (l ,25x 10 3 lb mol + 1.20 x 1 0 J lb mol)f —- 4 —j 
' \ lb mol ) 

= 0.80 lb 

Using salt as a tie component: 

C = — = J- 0.8 lb = 2.67 lb 
0.30 0.30 

B = C - A = 2.67 - 0.8 ^ 1.87 lb 
Balance on oxygen: 


G = 


( 1.87 lb 

mol 0.43 lb 

mol 

0.50 lb j mol 

l 

181b 

181b 

|40 lb 


e)-™ 


11.18 

Step 5 : Basis =100 lb A 

Steps 2. 3. and 4 : 

Fe added: 36(100) = 3600 lb 

MW TiC> 2 " 79.9 Ib/lb mol 
MW Fe = 55.8 lb/lb mol 


MW H 2 SO 4 = 98.1 Ib/lbmol 
MW TiOS0 4 - 159.7 lb/lb mol 

(continued) 
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Mol TiC >2 in slag: 


Mol Fe in Slag: 


(0.70)(100 lb) 

lbm01 AC, £ ,U„I 

(0.80)(100 lb) 

lb mol 


79.9 lb 

58.8 lb 


= 0.143 lb moi 


Amount of H 2 SO 4 based on theoretical requirements of Equations (1) and (2) 
0.876 + 0.143 = 1.02 lb mol H 2 S0 4 
1.02 lb mol H 2 SOj 98.) !b„ 


lb mol 


= 100 lb H,S0 4 


B -I PPJ fe = 149.2 lb Water in stream B = 49.2 lb 
0.67 


O, in: 


0.143 lb mol Fe 

0.5 lb mol 0, 

32 lb 0, 


1 lb mol Fe 

1 lb mol 0 2 


= 2.29 lb 0 2 =C (0.0715 lb mol) 


0 —0 876 

Using Ti0 2 : £,= = 0.876 moles reacting 


A a 0-0.0715 , 

Using 0 2 : c,=-- 0.143 moles reacting 

(0.5) 

T 1 OSO 4 in stream K 

< 0 S o 4 = 0 + 0) (0.876) = 0.876 lb mol Ti0S0 4 
= 170.6 lb 


0.876 lb mol 

159.7 lb I 1 


1 lb moi[0.82 


H 2 0 in K = 170.6 (0.18) = 30.7 lb 
Water formed in the reactions (use and £,): 


(continued) 
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*hT =(l)(0.876) + (l)(0.i43) = 1.019 lb mol (or 836 lbH,0) 
Water exiting from the evaporator J (lb): 

49.2 + 18.36 - 30.7 = 136.9 lbl 


b. 


inlet air 


18 lb mol l 291b 
I lb mol 


= 522 lb dry air 


inlet water s 


0.036 mol H>0 

18 mol air 

18 1b 

mol air 


lb mol 


11.7 lb H,0 


water added to air = (0.18) 170.9 lb - (0.876 lb mol) — ^ = 15.0 

lb mol 


Humidity = (15.0 lb H 2 0 + 11.7 lb H 2 0)/522 lb air 
- 10.051 lb H,Q/lb air| 

The pounds of TiO? produced (PV 


By reaction (3), 0.876 lb mol of Ti0S0 4 goes to Ti0 2 . 
(0.876)(79.9)= Froibl Ti0 2 
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Step 5: Basis: 100 kg mol *F 

Steps I. 2. 3. and 4: 


HiO 100% 


F (kg mol) 


E (kg mol) 


dL 


CH, 

C 2 H, 


mol frac 


*1- 

J mole frac. 

0.70 


t 

CO, 

- 

0.20 


1 

O, 

0.02 

. 0.10 


A (kg mo!) 

H,0 


1.00 


mol frac 

N : 


Oy. 

0.21 



n. 

0.79 


"Too 


Duct 


P (kg mol) 


| Air 0 
B (kg mo!) 


mole frac. mol 


mol frac 
0.21 


co 2 

o 2 

N-. 


Assume an air leak occurs first and use material balances to calculate the amount. This is 
a steady state flow process without reaction. 

Overall system 

Step 6: Unknowns are: A, B, W, P, x N , (orn N , ),x (;c>3 (orn co? ) 

Step 7: Balances are: C,H, 0> N, Z x* =1 (or£n f=P) 

Steps 8 and 9: 


JlL 


Out 


C(kgmol): 0.70(100) + 0.10 (100) 2 = n C0; 


n COj - 90 kg mol 


(continued) 
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H (kg mol): 0.70 (100)(4) + 0.20 (100)(2) 

+ 0.10(100)(6) = W (2) 

W - 190 kg mol 

20 (kg mol): 0.21A + 0.21B « IMI£2) +90 +0 . 06 p 

2 

2N (kg mol): 0.79A + 0.79B = n J, 

90 +0.06 P+ nj, - p 

A balance about the furnace or about the duct is needed; or these two alone would have 
been sufficient, omitting the overall balance. 

System: Furnace for Duct) 

Slmil Unknowns: A, n^, "Lo . n^, 

Step 7: Balances: C, H, O, NS, £ nf = E 

Steps 8 and 9: 

C (kg mol): 0.70 (100) + 0.10 (100)(2) =n L COj 

tt c 0| = 90 kg mol 

H (kg mol): 0.70 (100)(4) +0.20 (100)(2) + 0.10 (100)(6) = n* Hi0 
n H,0 “ 190 


20 (kg mol): 

0.21 A 

= »o, 

2N (kg mol): 

0.79A 




90+ 190 + n^+nS, 
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0.02 = n£, / E 



Solution: 

ke mol in E ks mol 


n CO; 

90 A 982 


_K 

n H.O 

190 E 1077 


n Oi 

21.5 


n N, 

776 

1077.5 


From the overall N 2 balance: 

0.79 (982) + 0.79B=n;, 

(i) 

O 2 balance: 

0.21 (982) + 0.2 IB = 185 + 0.06P 

(2) 

(1) 22.2 + 0.21B = 0,06P 

B = 207 kg mol 


(3) 90 +(0.79X982)+ 0.79B- 

0.94P P= 1095 kg mol 



It is an air leak. 


|207 kgmol/100 kgmolFf 
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11.20 


Stage 

Activity 

funjisl 

After breakage 
of cell 

6,860 

After adsorption/ 
desorption step 

6,800 

After second 
adsorption/ 
desorption step 

5,300 


Basis: Data given 


Specific 

Protein 

Activity 

present (mg) 

(units/mg'i 

76,200 

0.09 

2,200 

3.1 

267 

19.9 


Recover)' 

<%) - Purification 

100 

99 34 

78 213 
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12.1 

a. 1; b. 3; c. 0; d. 7 


a. 
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12.2 

Step 5 : Basis: 60kgW 

Pick the overall system 

Steps 6 and 7 : 

Unknowns: F. P 
Balances: A, B 

Steps 8 and 9 : 

Total F= 60 + P IF = 380 kg 
B: 0.80F = 0 + 0.95P j P * 320 kg 


Pick mixing point as the system 


Unknowns: G y R 

Balances: A, B (or total as alternate) 

Steps 8 and 9 : 

Total: 380 + R-G 1 
B: 0.80(380)-» R(0) =0.60GJ 


R 

F 


^H=[033]kgR'kgF 
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12.3 

Basis : 100 kg of fresh feed 
Overall balance around junction 
100 + R - F 

KC1 balance around mixing point 

20 + 0,6 R ~ 0.4 F = 0,4 (100 + R) 

20 + 0.6 R =40 + 0.4 R 

R — 1100 kg R/100 kg fresh feed] 


12.4 

Steps 2. 3. and 4 : 



B, 0.75 
B 2 0.25 

S 000 


A 

5,000 lb/hr 


1.00 

1 



Bj ~ butene 

B 2 = butadiene 

S = solvent p 


1 

. 


(lb) = 10,000 1 

C(lb) B| 

L_ B 2 

w no 

o o 

o o 


IT 

S 






S 0.99 


B (lb) 


D (lb) 


B, 1.00 
B 2 0 
S 0 


Bj 0.05 
B; 0.95 
S 0 


(continued) 
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Step 5 : Basic: 1 hr (A - 5000 lb) 

Select whole process as the system. 

Steps 6 and 7 : 

Unknowns: B, D 

Balances: Total, B], B 2 > S (not all independent) 


Steps 8 and 9 : 

Total balance: 5000 = B + D 

B, balance: 5000(0.75)- B(l) + D(0.05) 

D= 1316 lb B = 3684 

Apparently the calculated values are not correct. (The value for C can be obtained from 
balances on Unit 1 or II). 


12.5 


Basis: 1 hour 


An overall balance shows that Ro W from the adsorber must equal Rj„ to the adsorber if a 
steady state exists. Let Rj = R. 


Adsorber balance of U (units are U): 


600 mL 

1.37U ( R mL 

5.2U 

600 mL 

0.08U RmL 

19.3U 


1 mL 

1 mL 

1 mL 

1 mL 


600 (1.37-0.08) - R(I9.3~5.2) 

[r = 55 mL/hri 
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12.6 

Step 5 : Basis: 1000 kg = W s 1 hour 

Steps 1-4 : Revised compositions are in mass fractions. 


Note: compositions identical 


W (mass) = 1000 kg 


E(kg) 


Wet cereal 


Exit air 


mass fr , 
H 2 0 0.200 
cereai 0.800 
1.00 


H 2 0 

air 


Recycle 

R(ke) 


D (mass) 

Dried cereal - < ■ . . ■ 

mass fr. 
H 2 0 0.050 

Cereal £950 
1.00 


(kg) 
mol fr . 
H 2 0 0.066 


air 


0,934 

LOO 


m ass ft . 


0.042 

0.958 

1.000 


F (kg) 


m ol fr . mass fr . 

H 2 0 0.0132 0.0082 

air 0-9868 0-992 

1.000 1.000 


mol fr . 
0.263 
0,737 
1.000 


Fresh Air 


Conversion of mole fractions to mass fractions is not required, but since both mass 
fractions and mol fractions are listed as data, convert all to mass fractions (can’t convert 
cereal to mol) to avoid confusion in making the balances. 


(continued) 
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Fresh air. Basis 100 moi _ Exit air Basis 1.00 mol 



mol 

MW 

mass(ke) 

mass fr. 

mol 

MW 

mass 

mass fr. 

air 

98.68 

29 

2861.7 

0.992 

0.737 

29 

21.37 

0.819 

H 2 0 

112 

18 

23.76 

0.0082 


18 

4.73 

0.181 


100.00 


2885.48 

1.000 , 

1.00 


26.11 

1.000 


Air entering drier, basis 1.00 mol 



mol 

MW 

mass 

mass fr. 

air 

0.934 

29 

27.09 

0.958 

H 2 0 

0.066 

18 

1.19 

0.042 




28.27 

1.000 


Overall balances (unknowns D, E, F; balances H 2 0, cereal, air) 

Total: can be made in mass : 1000 + F = E + D 

]n 

cereal (dry)- 1000 (0.80) + F (0) " E (0) + D (0,950) D = 842 kg 

H?0: 1000(0.20) + F (0.0082)“E (0.181) + D(0.050) 

air: 1000(0) + F(0.992) = E (0.819)+ D (0) 

3 are independent eqns. check by 4 th eqn. 


a. D = 842 kg |F= 748 kg/hrj 

E = 906 kg 

Balance on mixing point (to get R) 

Total: R + F = G 

air : R (0.819)+ F (0.992)-G (0.958) 

H 2 0: R (0.181) + F (0.0082) - G (0.042) 

2 equations are independent, check via 3d equation 

b. |R - I83~kg/hr| 
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12.7 


Steps K 2, 3 and 4: 



1.00 


mass frac 
H,0 0 SO 

KNO, 0.20 
1.00 


mass frac . 
H„0 0.625 

HMD; 0.375 
1.000 


Step 5: Basis: 1 hr= 10,000 kg KNO3 solution 


Step 4cont T d : 


Compute the weight fraction composition of R. On the basis of 1 kg of water, the 
saturated recycle steam contains (1.0 kg of H2Q + 0.6 kg of KNO3) - 1.6 kg total. The 
recycle steam composition is 


0.6 kg KNO. 

1kg H,0 

1 kg HjO 

1.6 kg solution 


= 0.375 kg KN0 3 / kg solution 


or 37.5% KNO3 and 62.5% H2O (which has been added to the figure). (continued) 
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Analysis of complete process ( 6 streams): 


Unknowns: 

W, M, C, l 

C m^O m KNOj 

= 6 

Balances: 

(2 units + i 

1 mix point) x 

2 components 

= 6 

Other compositions are (in %) 





u 

F 

W 

c 

H 2 0 

50 

80 

100 

4 

kno 3 

50 

20 

0 

96 


Start with overall balances as substitute for unit balances 
Unknowns: W, C, 

Balances: 2 components 

Overall balance to calculate C: Total: 10,000 =W + C 

KN0 3: 10,000(0.20) = W (0) + C (0.96) 

• = 2083 kg/ hr crystals = C 


lO.OOOkgF 

0.20kgKNO, 

I kgcrystals 

Ihr 

1kg F 

0.96kgKNOj 


W= 10,000-2083 = 7917 kg 


To determine the recycle stream R, we need to make a balance that involves the stream R. 
Either (a) a balance around the evaporator or (b) a balance around the crystallizer will do. 
The latter is easier since only three rather than four (unknown) streams are involved. 

Total balances on crystallizer: 

M = C + R 
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M = 2083 + R (a) 


Comoonent CKNOit balance on crystallizer: 


Mo> m = Ca> c + R© r 


0.5M = 0.96C + R (0.375) © 


Solving equations (§) and ©we obtain 


0.5 (2083 + R) = 0.375R + 2000 


|R=7670kg/hr| 


12.8 


Sten 5: Basis: 1000 Ib/hr sea water 


Steos 6 and 7: 


Pick the whole process as the svstem 


Unknowns: B, D 

Balances: salt, water 


Steos 8 and 9: 


Overall mass balance: B + D = 1000 

a) 

Overall salt balance: 0.0525B + 5.0 x 10* 4 D = 31 

(2) 

Pjck the mixing point as the svstem 


Unknowns: R,W 

(continued) 
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Balances: salt, water 

Mass balance around the junction: 1000 + R ~ W (3) 

where R = brine recycle; W - total soln entering the cell 
Salt balance around the junction: 31 + 0.0525 R = 0.04W (4) 

From (!) & (2): [B=S861b/hr| & ID = 4141b/hr[ 

From (3) & (4): R = 720 lb/hr 


720 

Fraction =—^—=0.551 
720+586 


12.9 

Basis: 1 hr s 1L = F all concentrations are g/L. 


W 


F- lL^ 

r—U 

D 

Zn 100 


Zn 0,10 

Ni 10.0 


Ni 1.00 


h 2 o 


P 0 Zn 190.1 
Ni 17,02 


Figure PI2.9 

Pick the overall process as the system. 
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Steps 6 and 7 : 

Balances: 3 fyO, Zn, Ni 

Unknowns: 3 W, D : Po (all in L) 

Steps 8 and 9 : 

Zn: 100 (l) + 0 = £22 2i2i + P„(190.ig/L) 

Ni: 10(1) +0 = D (1.00) + P 0 (17.02) p \ v V . • j j 

Solve to get P 0 = 0.525L D = 1.056L W = 0.581 L 


Pick Unit 3 as the system: 

Steps 6 and 7: 

Balances: 3 Zn, Ni 

Unknowns: 3 W 7 R32, P2 (ail in L) 

Steps 8 and 9 : 

Zn: P 2 (3.50) + 0 - 0.10(1.056) + R 32 (4.35) 

Ni: P 2 (2.19) + 0 = 1.00(1.056) + R 32 (2.36) 

Solve to get |R 32 -2.75L7hr| 
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12,10 








H 

D 90 gal/day 

Mass frac. 


„ mass'tr. 

mass fr. 

oil + dirt co 



0.229 


H20 


H 

0)H»O 

0.771 

oil + dirt 0.229 

H 2 0 0.771 

1.00 


1.000 

P 




1.000 

- 

Filter 


Mass frac. 

2910 gal/day 




oil + dirt 0.229 


j 

1 a 

R 

H,0 0.771 






mass fr. 

G 

<0 


1.000 





oil + dirt 0.0073 

F 




H 2 0 0.9927 

3000 gal/day 



1.000 





Pick the total process as the system 



Step 5: Basis: 

1 day (equivalent to D = 90 gal, F = 3000 gal, P * 2910 gal) 

Steps 6 and 7: 





Unknowns: 


4o 



Balances: 

oil H- dirt, H2O 


Steps 8 and 9: 








In 

Out 

Overall oil + dirt balance: 

3,000(0.0073) = 2,910(0)^)+ 90(0.229) 
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P 21.9-20.61 I' 1 ' . - .41 
©L = —r—— = 4.43 x 10 (a) 


2,910 

To solve for R, make balances on the mixing point, the filter, and the splitter. Not all of 

the balances are independent: 


Total 

oil + dirt 

Splitter: H - 90 + R 

0.229H = 0.229(90) + 0.229(R) 

Filter: G-29I0 + H 

(o°.jG =2910 (4.43 x 1O' 4 ) + H(0.229) 

Mixine point: 3000+ R = G 

0.0073 (3000) + 0.229R = co^G 

Unknowns: H, R, G, «£< 

Balances: 6 (4 independent) 

S.teeL§jMi: 


The solution is 

R = 57.2 gal/day co°« = 0.01145 
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12.11 

Start with the overall system 



H 2 0 

gas 

mol fr. 

0.0473 

0.9527 



mass fr. 

rice 0.95 

HjO 0.05 

P (lb) 1 00 


1.0000 

S (lb mol) 




R irf* Prnrlnrt 




Dryer 






W (lb mol) mol fr. 


mass fr. 

F (lb) 


rice 

0.75 



x w 0.0931 

HiO 

h 2 o 

0.25 



x' v 0.9069 


1.00 



1.0000 

Steps I. 

2. 3 and 4: 

In the diagram use mol and mass percent for 
compositions and mol and mass for flow as specified. 

Steo 5: 

Basis 

P -100 lb 


SteD 6: 

Unknowns: F, S T \V 



Steo 7: 

Can make total and 3 component balances: rice, H 2 CX dry gas (G) 

Stens 8 and 9: 




lb 

Rice: 

F(0.75) : 

= P (0.95) = 

100 (0.95) 

lb mol 

Dry gas: S (0.9527) = W (0.9069) 

lb mol H 2 0 H 2 0: 

S (0.0473)+ F 1 f 8 °J ) =W(0.093l) + P ^ } 
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F = 126.671b 
S = 27.35 lb mol 
W-28.75 lb mol 


A 


R 


Make balances on the mixing point (easiest) ] 

lb mol gas: (27.35)(0.9527) + R (0.9069) = F, 


Dryer 


xilo “ 0.0520 


lb mol H2O: 
lb mol total: 


(27.35)(0.0473) + R (0.0931)“ Fjx £ s0 
27.35 +R = Fi 


v 1 ' 1 -r x ■ =1 

a DG t a H-0 1 


R“ 3.12 lb mol /100 lb P 


0.0931 H.O 

R ◄»- 


30.78 lb mol 
-► 0.0931 H 2 0 


1 0.0931 H,0 


or. make balances on separation point 


H 2 0: 


Pi (0.0931)“ R (0.0931) + 30.768 (0.0931) 


total 


(or G): (only l independent equation) 

0.0473 S +0.0931 R = Fj (0.052) 


27.35+ R = Fj 


(continued) 
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Solutions Chapter 12 


1.385 + 0.0931 R = 0.052 (27.35 + R)- 1.523 + 0.052R 
0.041 R-0.138 

|R=3.371bmol| ' 


12.12 


r 


Organic Solvent 
100 % 



r 


Aqueous Phase-► 

I 

w 

F A = 10 L/min 

f FP 

F. 

A 

1 

A 

C 0 -100 g/L 

▼ 

< 


=0.1 g/L 


C, =.0.01g/L 


Fermentation product balance: 


10 0^|i0jL7min =FO(0 QI)+ jOL/min 


O.lg/L 


F°= —— 99,900 
0.01 '- 


V V 


F a - lOL/min 
C A = 100 g/L 

O 




lOL/min 


L -j- J q, =o.i g/L 


Fermentation 

balance: 


C° =0.1C A C° = 0.1CJ C,° = 0.1C? 

Assuming Fi“ = F 2 “ = F 3 “ = F73 


II: 


III: 


100 — 


Cf- 


l0 %iin = c *. 1Q y^ n+ ^. x01C > 




C$2. 


= C ?' 1 °ymm + 7 x0 - , C A (2) 


^^a=CjlO% jn +~x0.1C, A (3) 


Solving (1), (2) and (3) Simultaneously 


cr=iao y L c>i. Vl 


o s / l c, a =o.i^{ 


F “ 2702 


=10L 


(continued) 
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c: 

Fermentation Product Balance: 



+0.1 Cj-F° = 0.1 C?-F° + C?-10 


II: C, A •I0+0.1(0.1)F o =0.1C a -F°+Cj 10 

HI: C A -10+0- 0.1{0.l)-F°+0.1(10) 

Solving (1), (2) and (3) Simultaneously 

Cf=10.36g/L C A =1.06 g/ L C* = 0.10g/L 



This one is the least 
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12.13 

Steps 2.3. and 4 : (Non Bz is non-benzene) 


o. 15 M^so 2 
Extract b*n*en« plu* n — - 



Step 5 : Basis: i hr 

Process is steady state, no reaction 

Steps 2, 3 and 4 : 

Compositions : 


atP 


SO, 


0,15 kg SO, 
1+0.15 


0.130 


at W 


K 

«4» J 


Bz 1-0.130 


0.870 

1.00 


(continued) 
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Pick the overall process as the system 

Steps 6 and 7 : 

Unknowns: P, 3m* (4) 

Balances: Bz, SO2, non Bz, = o.25 (4) 

Steps 8 and 9 : Balances are in kg 

Total 3000 + 1000 ~ P + W 

Bz: 1000 (0.70) = + 

Non Bz: 1000 (0.30) « P (0) + m" Bt = 300 kg 

S0 2 : 3000 - p[yt|] + n so, m" = 300 (0.25) =75 kg 

a. Solution: P - |719 kg| 


System: Unit 1 


m s w Oi =2906kg 
W» 328! kg 


Solutions Chapter 12 



irfoookf 




(‘<70 

- 360 
& = 75- 

5* 


Steps 6 and 7 : 

Unknowns: m°, m° nai , n&, 

Balances: Bz, nonBz, SO2 

Steps 8 and 9 : Balances are in kg 

b. Bz + nonBz: D'=A + 375 D' =» 1000 + 375- |1375 kg] 

System: Unit 2 


S loofyte 


<g> 


^ D-F 


C Wf“ 

C'tJy. 


(continued) 
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Steps 6 and 7 : 

Steps 8 and 9 : Balances are in kg 
Bz + nonBz: C'=749 + G' 
System: mixing point 


C. 


G 1 


D’= 1375 kg 


F - 1000 kg 


G'= 1375- 1000 — 375 kg 
C' - 749 + 37S ~ ]l 124 kgj 


12.J4 


Single pass conversion is: f = • ^ 

n, B 


Single pass conversion based on H 2 as the limiting reactant: 
1.979-3.96 


£ = - 

^rnii 


0-3.96 


= 0.99 


= 1.98 


SP conversion =» ±^1 .^ 

3.96 

Use Eq. (12.1) and Eq 12.2 with H 2 the limiting reactant 
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0.99 = = JLM £ = 0.980 

n!T 1.98 


^-(-2X0.98) 
1.989 


c. Overall conversion of H 2 


, of H, 


-(-2X0.99) 


Eoj 


1.98 

Overall conversion of CO 

°fco= = [aH] 


12.15 

Steps 2. 3. and 4 : 


Recycle R(mol) 


F(mol) r 


CO, H 2 0 






Reactor 

L(mol) 

Separator 

P(mol) 

% mol 


CO: 


52 CO n C o 
48 H 2 0 n H2 o 

Step 5 : Basis: P= 100 mol 

Pick the overall process as the system 
.Step 6 : Unknowns: n£ 0 , r\ r ]U0 

Step 7 : Balances: C. H. O 

Steps 8 and 9: Element balances _ 


Hu: 3 mol % 


H 2 48 

CO A 
100 


(continued) 
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C (mol); 0^ = 48 + 4- 52 1 

H (mol): n Hi0 (2)-48(2) n„ i0 “48j to,aJ 100 

Step ID : 0 (mol): n„ l0 (l)+n«>(l)-48(2) + 4 check is ok. 

a. Composition of fresh feed |40% H ; 0 and 52% CO 

Alternate solution: Use extent of reaction 


Based on C0 2 : ^ = lil£ =48 

Then n ? co ~ 4 + 4 = 4 + 48 = 52 mol 

n H,o~ 0 + 4 = 48 mol 


To get the recycle, make a balance about the separator (no reaction occurs) 

H 2 balance (mol): L(0.03) = 48l L=1600 mol 
Total (mol): L=100 + R j R=i 500 mol 


b. 


1500 mol R 
48 mol H 2 


=m 


12.16 

Steps 2. 3. and 4 : 


100 kg Ca(Ac) 2 

1 kg mol Ca(Ac) 2 


158.1 kgCa(Ac) 2 


Step 5 : 


Basis: 1000 kg of Ca(Ac) 2 feed 
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a. CjH 5 produced per hour 

Step 5 : Basis: 1 hr s 1000 kg C 2 H 2 Br 4 (2.890 kg mol) 

Make overall balances : 

Get the extent of reaction using C 2 H 2 Br 4 
n, wl -n in - og 

0-2.890 = (-1)(£) 4 =2.890 reacting moles 

C 2 H 2 balance: n c H “ 0 + (1)(2.890) = 2.890 kg mol 


2.890(26.02)= [75Tkg| 

ZnBr 2 balance: n Zn8r , = 0 + 2(2,890) =5 .78 kg mol 

Alternate solution 


100 kg C 2 H 2 Br 4 

1 kg mol C : H 2 Br 4 

1 kg mol C 2 H 2 

26 kg C 2 H, 

1 

346 kg C 2 H 2 Br 4 

1 kg mol C 2 H.Br 4 

1 kg mol C 2 H, 


Recycle 

Make balance on the mixing point . First, get the feed of C2H2Br4 to the reactor 


0.80 


nf?" 3.61 kg mol 


C 2 H 2 Br 4 balance: 2.890 + R = 3.61 R = 0.72 kg mol 

0.72 (346) = |249kg| 

Alternate solution (in ke). Balance over separator. 

(1000 kg-s- R) (0.20)= R 
R = 250 kg 


Feed ra' 


1 in reactor: 
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1000 kg C 2 H,Br 4 

1 kg mol C 2 H 2 Br 4 

2 kg mol Zn j65,37 kg Zn 

1.2 kg Zn in feed 

1 

346 kg C 2 H 2 Br 4 

1 mol C 2 H 2 Br ? [1 kg mol Zn 

1 kg Zn required 


d. Mole ratio of ZnBr 2 to C2H2 in final products: 
5 78 <—1 

—— = [2] 2:1 (as per reaction) 

2.89 


12.18 


I NuC\ <“»*> 

/ " 

—. — 



. ft . 

j f~ ftiOQ k-i- ./ 

: ’ 

F* 

1 . 

!3z_ 

j “ —^ 

n-* 

U-A* 

rJti.cc> } K % ' 

...; 

»... / 

, 1 


V CaCo 2 


ftoy. * 

&Cf, 

100 % 


Step 5 : 


Basis: 100 kg Fj s 1 hr 


Overall balance 

Step 6 and 7 : 

Unknowns: F2, P],P2 

Element balances: Ca, Na, Cl, C0 5 (enough, not all independent) 
CO3 balance: 


900 kg CaC0 3 

1 kg mol CaCOj j 1 kg mol COj 


100 kg CaCO. |l kg mol CaCO, 


= 9.00 kg mol CO. 


(continued) 
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100 k.gNa : CQ, 


1 kg mol Na 2 CQ 3 


106 kg Na 2 COj 


1 kg mol CQj 0.94 kg mol C0 3 


1 kg mol Na : COj 


9.94 kg mol CO, 


9.94 kg mol CO, 

1 kg mol Na 2 CO, 

106 kg Na,COj 


1kg CO, 

1 kg mol Na 2 CO-, 


Species balance about the reactor plus the separator on CaCOr 


[1000(0.90)+ R] (.24) - R 


[R^2S4kj1 

Alternate solution : 

Use the extent of reaction to get the same results. 

12.19 

Steps 1,2,3, and 4: 


/ 1 


1006 ft £ 

HSk 

j&> \ 

loaf. 






- y, 







±9 


HxO 

lo 0 $ 


Mol. Wt: NajS, 78; CaC0 3 ,100; Na 2 C0 3 ,106; CaS, 72 
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Step 5: Basis I hr 

Steps 6.7. 8. and 9 : 


System: Overall (System A) 


(1000X0.45)lbNa,S 

1 lb mol Na,S 2 lb mol Na 


78 lb Na 2 S 1 lb mol Na 2 S 


m N»,co 3 lb 

|l lb mol Na 2 C0 3 

2 lb moi Na 

lOOlbNajCO, soln 


| 106 lb Na 2 C0 3 

I lb mol Na 2 CO, 

80 lb Na 2 CO, 


■ 764 lb/hr 


in 

Mil 

sat gsa. Qa 

jrioyMcm P) 

msumotion accum 

Na 2 S balance: 

‘100(0.45) R ‘ 

R 

ri00(.45) R~ 

(lb mol) 

78 + 

--+ 0 - 

78 

■ +— 

L 78 78. 


0.90=0 


[1000(0.45) + R] (0.10) = R 
a. |R J S0 lb/hrl 

Alternate solution 


reacts. 


Na 2 S is the limiting reactant (LR). Mole Na 2 S = (0.45)(1000)/78 = 5.77. All of it 


,. s77 


(continued) 
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Overall fraction conversion ofNa^S is 100%; foA - 1. 
f tP _ 0.90 _ _ 5.77 

f 0A " 1,00 njj^+njr* 5.77+R 


5.19 + 0.9R « 5.77 [R = 0.641b mol 1 (or 50 lb) 


12.20 

A basis of 1 hr requires the listing and solution of many simultaneous equations. 


A basis of 100 mol of toluene in G is more convenient 

Makeup 



100% toluene 


Basis 100 mol toluene in stream G (gross feed) 
System: Reactor plus separator 
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Species balances 


In 

Out 

(1) toluene: 100 

-Rl 

(2) H 2 : 100(4) 


(3)CH 4 : 100(4) 


Solve above for 

Ri. = 12 mol 


n " = 64 lr 
n" _=752m 


Gen Cons 

+0 -100 (.80 4 .O 8 ) =0 

+ 0 -100 (4) (.80 +.08) - 0 

+100(4)(.80 + ,08) -0 =0 

I: 

}■Total =816 mol 

lj 


System Mixer plus makeup point (Species balances but no reaction so In = Out) 


© 

<8> 

© 

© 

© 

(I) Toluene: F(1.0) + 

0 

+ 0 + 

12 

100 

(2) H 2 : 0 + 

(3) CH d : 0 + 

M(1.0) 

0 

* R »(S) * 

* * 

0 

0 

400 

400 


Solve (3) for Rg = 434 mol 

Solve (1) for F = 88 mol M-366 

Change basis to 1 hour 


(continued) 
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3450 lb 

1 lb mol 


92 lb 


= 37.5 lb mol of toluene in F 


100 lb mol tol inG 

37.5 lb mol F 

12 lb mol R l 

88 lb mol F 

l hr 

100 lb mol tol in G 


-5.11 lb mol R L /hr 


100 

37.5 

434 lb mol R g 

88 

1 

100 lb mol tol in G 


185 lb mol R c /hr 


If F = 37.5 lb mol of toluene is selected as the basis, you have to make the same 
balances as above plus benzene and diphenyl balances on the reactor plus separator 
because F is a known but G becomes an unknown. 

The unknowns would be 

G, Rg> D, B, M n hjj^ch* 

Alternate solution 


Calculate the extent of reaction for each reaction, and use them as shown in the 
book to get the outputs of the reactor plus separator system instead of using generation 
and consumption terms. 


12.21 


, H2 100% 


ft 

Fj 

Rcjctor 

Pi 

ft 

■ 


Cjf* 100% J 


coovcrtion 


Absorber/ 

£H&iEht/cn 

Ps 


n CA 

c V*t . , 

An, 

tower 


CaHs 




A 



too% 



Pi, Recycle 



SO kg mol 


CjHi 0.80 
Ci Hi OOQ 


1.00 
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Basis: 1 hr - 50 kg mol F5 
Unknowns: 


F1, ^4, Ffi, ’ n CiH<i 5 n CjH* > n CsHi( > n H; ® 


Balances: 

Mixing Point: C^H 8 ,CjH 6 | 

Reactor: C,H 8 ,C 3 H 6 ,H 2 1 ® 

Abs,/Distil.: C,H 8 ,C 3 H 6 ,hJ 

Use overall balances as substitute for some of the above 

Overall balances (element balances because of the reaction) 


© © 

C: F,(3) = F,(3) 

H: F,(8) = F 4 (2) + F,(6)l 
8(50) =2F 4 +50(6) J 


Ft = 50 kg mol 
F 4 = 50 kg mol 


Mixing point balances (no rxn): 

© © 

CjH,: F,(1.0)+ F 6 (0.8)= n'; H< = 50+0.8F, 
C 3 H s : F,(0) +F 4 (0.2) = = 0.2F 6 


(continued) 
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Reactor plus absorber/distillation balances : 


In Out Generated Consumed 

C,H,: n&, - F 6 (0.80) +0 - 0.4n>;„, =0 

(recycle) 

(50 + 0.8F 6 ) « 0.80 F 6 - 0.4 (50 + 0.8 F 6 )=0 

Recycle: F 6 - 93.75 kg mol - 75 + 50 = 125 kgmoi 

C,H„- nj;„. - F 6 (.20)-S0+ 0.40 (50+0.8F 6 ) -0 =0 

n ck = 18 75 k F m°l 


Note; since F 2 = F, + F 6 = 50 + 93.75 - 143.75 kg mol (easier calculated this way) 
nclue “ 0.2,F Ci = 18.75 kg mol 


F 2 = 18.75 + 125 = 143.75 kg mol 
Omit 1 12 balance (Use C^H,, ) 

Absorption/distillation tower 
C,H 6 : = F f = 50 kgmoi 

II. n^, = F 4 = 50 kgmoi 

total: F, = F„ + F 5 + F 6 = 50 + 50 + 93.75 = 193.75kg mol 

nJ.; Hl = 193.75-100 = 93.75 = F 4 


Summary (all kg mol - ): 
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[77-50 

^Tj 

II 

O 

(a) 

F 2 = 143,75 

F s = 50 


F ? = 193.75 

F 6 = 93.75 


(b) |100%(no. Coexists)] 


Alternate solution using extent of reaction 


f SP =0,4 = 


50 

. “K-l)c 


4-50 


50 


Also 


0.40 _ 50 

1 50 + n c;«. 


n£ u = 75 kg mol H (75) = 18.75 kg mol 
CjH * b C,H ' 0.80 ' 

0^- 125 =50 + 0.8^ F 6 - 93.75 

n c,H„ = n c 3 )i, + 0 “ 18.75 

F 2 =18.75 + 125 = 143.75 

Similar calculations to these will yield the same results as in the original solution. 


12.22 

This is steady state process with reaction and recycle. Pick the overall process as the 
system. 

Step 5: Basis: 100kgmolCH 4 (continued) 
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Steps 1. 2, 3. and 4: The system is as shown in the diagram with recycle added. 

kgmol 


0.21 

0.79 


CH d 


100 kg mol 


Air 


Cfe 230 
N 2 865.24 


C02 


-► O, 


H 2° 

NO 

N, 


Calculate the moles of each component entering. 

C H 4 (g) +20, (g)->C 0 2 (g)+ 2 H,0(g) 
Calculation of the required 0 2 and accompanying N 2 in moles 


req’d 0 2 

100(2) “ 200 


xs 

200(0.15) 

= 30 

Total 

0 2 

230 

• f 230 

,791 

865.24 

N 2 ini- 



The exit concentrations (via stoichiometry) are 
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Mol 

C0 2 

100 

0 2 

30 

H 2 0 

200 

NO 

415x 10 -6 

n 2 

865.24 

1195.24 


Next, consider adding recycle as shown in the diagram. Recycle is not involved in the 
overall balance, hence the concentration of NO will not be affected because the extent of 
reaction with and without recycle remains the same. The recycle does reduce the 
combustion temperature which in turn will reduce the exit concentration of NO. 


12.23 

This is a steady state problem with reaction and recycle. 
Step 5: Basis: 100 mol F 


Steps h 2. 3 and 4: 


Make the overall balances first 




kg mol 

>00 F (mol) 
81.0 


S0.+-0, ++SO, 
• 2 


Overall s P(mol) 
(Process ) 


tt , . Calcd. Calcc 
Use stochiometry mol mol fr 
SO, 0.95(10) = 9.50 0.100 

w SOU 0.05(10) - 0.50 0.00521 

-► 0 2 9-4.75 = 4.25 0.0446 

N 2 81.0 0.850 

2 ~95ir TMTI 


Step 6 : The unknowns are the 4 exit compositions plus the extent of reaction if it 

is to be used. 

Steps 7, 8 . and 9: We have 3 element balances plus the fraction conversion of the S0 2 to 
SO 3 , or 4 species balances (S 03 > S0 2> N 2 ,0 2 ). We can use a mixture of clement and 
species balances. _ (continued) 
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Elements: 10 =0.95 (10) +0.05 (10) check is ok 

Compound 81.0=81.0 

Select unit 1 as the system 


mol 

SO, 10.0 
O, 9.0 

N, 81.0 


fract. 

conv 

0.75 

0 


calcd, mol 


f S0 3 7.5 


'"'2 
V N 2 


5.25 

81.00 


Element 20: 9.0+10.0=19 


0.75 



Balance around converter 2 plus separtor: Note we need H = P + R s and observe that the 
composition of H, P and R is the same. 
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Excess: HN0 3 is 32.56 (.20) * 6.516 

Total: 39.10 kg mol in G 

Steps 6 and 7: System is overall 

Unknown are F, P,m" SOi ,and m*. 0 (Imj=W) 

Equations are; C, H, S, O, N 

(or you can use stoichiometry and make species balances, or use the extent 

of reaction) 

C; 10.86 = 0.9650 P P= 11.25 kg mol or 11.25 (227.09) 

|= 2556kg | (a) 


System is the mixing point 
Unknowns: F, m H2S04 ,m Uj0 ,R, G 


© 


Balances: H 2 S0 4 , H 2 0, HNO, and m H , 0 +m H!S0) +39.10 =G © 

1000 


(a) Glycerine Feed 


92.11 


= 10.86 kg mol 


Nitroglycerine Produced = '086 kg mol 1227.98 kg -2466 kg 

I lb mol 

0.9650 P = 2465 


P = 2555 kg 


(a) 
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_ 10.86 mols Glyc. 3mol HNO-, 

I mol Glyc 

- 32.58 mol 

- 1 200 (32.58) = 39,10 mol 
= 39,10 ■ 32.58-6.52 mol 
-6.52 (63.01) = 411 kg 

HN0 3 is 70.00% R, 0.7000R - 411 

IR = 5871bl (b) 

(c) HNOj in G = 39.10 mol “ 2464 kg 

HNOj in R = 411 kg F + R = G 

HNOj Balance: F + 411 = 2464 F = 2053 lb HNO, 

F is 43.00% HNO, so that 0.4300 F = 2053 

IF = 47741b! (c) 

(d) H 2 S0 4 in F =0.5000 (4774) = 2387 kg 

= H 2 S0 4 inW 

H 2 OinF =0.0700 (4774) = 334 kg 

HjO Generated by reaction = 10.86 Mole Glyc x 3 

= (10.86) (3) (18.02) = 587 kg 
H 2 0 in Stream P =0.0350 (2555) = 89 kg 

H 2 Q inW _ = H 2 0 in F + H 2 Q generated - H 2 0 in P (continued) 


(b) Mol HNO s req'd 

Actual HNO . Req'd 
HNO, inR 
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- 334 + 587 - 89 - 832 kg 


Component 

kg 

wt% 

H,SO< 

2387 

74.15 

H,0 

832 

25.85 


3219 

100.00 

Stream W=3219 kg/ hr 


H,SO, 

= 74.15% 


H>0 

=25.85% 

(d) 


Sten 10 : 

Do numbers check? 


Glycerine + F 
1000 + 4774 
5774 


P + W 

2555 + 3219 
5774 
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Step I. 2. 3 and 4 

C0 2 Makeup 



217.S kg mol 

90% CO : yield 

Chemical Reactions 

a) CH„ + 2H,0 -> CO, + 4H, 

b) CH, +1-1, ->CO + 3H 3 

c) 2CO + 0, -> 2CO, 

d) C0 2 + 3H, -» CH,OH + HUO 
CH, feed is 1% N 2 or 1 kg mol Nj 

steam feed is 10% excess based on reaction (a) 

9,t!no,CH - ( 2 S^)' i9,k8 ""“” 

1.1 (198) = 217,8 kg mol steam 


(main reformer rxn) 
(reformer side rxn) 
(CO converter rxn) 
(methanol rxn) 


(continued) 
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Step 5: Basis; 100 kg moi CH 4 in feed 

Steps 6 and 7: Unknowns: 



6-C,0 2 makeup 

10 -reactor product 

3 -reformer product 

7-3:1 H 2 /C02 

1 1-Methanol solution 

4-0 2 feed, stoichiometric 

8 -recycle, H 2 /C0 2 =3 

12 -condenser tops 

5 -CO conv. products 

9-reactor feed, H 2 /C0 2 -3 

13-purge, 5% N 2 

Balances: 

Reformer balance 

CO conv. balance 

CO 2 makeup balance 

Feed/recycle balance 

Methanol reactor balance 

Condenser balance 

purge/recycle balance 


Steps 8 and 9: 


Solve balances serially. 


Reformer balance gives stream 3 


CO,; 


99 kgmol CH 4 conv. 

0.9 conv by (a) 

lkgmolC0 2 


1 conv. 

1 kgmol CH 4 


CO - 99(0.1)-9.9 kg mol CO 

2 kgmol H,o| 89.lkgmol CO, 


Hp reacted = 
lkg mol H,0 


1 kgmol CO. 


,0189.1 

oj 


1 kgmol CO 


9.9kg molCO = 18g] kgmo| H=Q 
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Hp remaining = 217.8 - 188.1 - 29.7 kg mol HP 


H 2 = 4(89.1) + 3(9.9) = 386.1 kg mol H 2 


N 2 ~ 1 kg mol 


CO conv. balance eives streams 4 & 5: 


Stream 4: 


»*C0( 1 /3kffiaa 

2 1 kgmol CO 2 


Stream 5: 


C0 2 « 89.1 + 9.9 = 99 kg mol C0 2 


H 2 0 = 29.7kgmol H 2 0 


H 2 - 386.1 kg mol H 2 


N 2 = 1 kg mol N 2 


CO-) makeup gives streams 6 and 7: 


stream 7 is 3:1 H 2 /C02 


C0 2 - 386.1/3 = 128.7 kg moi C0 2 needed 


Stream 6: COi= 12S.7- 99 = |29.7kgmolCO ! | K 


puree/recvde eives stream 13: 

(continued) 
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N 2 is inert species: 

l.OkgmolN., , 

stream 13 =---= 20 kg mol in stream 1 j 

0.05 kg mol N 2 / kg mol stream 13 

Stream 13: 

H 2 /CO 2 = 3 Let x = mol frac. of C0 2 in stream 13 

1 — 0.05 + 3x + lx 
4x = 0.95, x-0.2375 
N 2 = 1 kg mol N 2 

H 2 = 20(3)(0.2375) = [i4l5kgmolH,| a. 

C0 2 = 20 (0.2375) = 4.75 kg mol C0 2 
Special balance gives stream 11: 

128.7 C0 2 7 n - 4 75 

29.7 -► 

386.i h; 

1.0 N i 

1 rxn occurs 

CO 2 reacted - 128.7 - 4.75 = 123,95 kg mol CCS reacted 
H 2 reacted = 386.1 - 14.25 = 371,85 kg mol H 2 reacted 
CH 3 OH produced * 123.95 kg mol CH 3 OH 
_ H 2 0 produced = 123.95 kg mol H 2 0 _ 


14.25 H, 
1.00 N 2 
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Stream 11: 


H 2 0 - 29.7 + 123.95 = 153.65 kg mol H 2 0 


CH 3 OH = 123.95 kg mol CH 3 OH 


mass stream 11 = 153.65 (18)+ 123,95 (32) = |6732.1 kg| 

d. 

wt. % CH 3 OH = 123 fL 32) = |58.9% CHjOH wt. %| 


Methanol reactor balance for 55% conversion 


From special balance, each pass uses 123.95 kg mol C0 2 


123.95 = 0.55 (C0 2 )in so (C0 2 )in = 225.36 kg mol C 0 2 


Stream 8 = stream 9 - stream 7 


Stream 8 : C0 2 - 225.36 - 128.7 = 95.66 


So reCyC ‘ e = 95 66 =1205! 
purge 4.75 

i 

c. 

12.26 

By inspection you can see that the flow of Cl 2 and H 2 in the separator is going the | 
wrong way, hence any calculations make no sense. 

! 

12.27 j 

No purge stream exists out of the separator so that CO will build up. 

12.28 


a. No. they all contain AN and/or NH 3 . 

(continued) 
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b. The bottom stream from the distillation column and the wastewater stream from 
the condenser are candidates. The bottoms stream from the distillation column 
contains no NHj and has the highest mass fraction of AN of any waste stream so 
that the entire stream could be fed to the scrubber. 

c. The change in the scrubber feed will not affect any of the stream flows or 
compositions upstream of the scrubber that are connected to the scrubber, namely 
those associated with the reactor and the subsequent condenser, nor any 
downstream flows not connected to the scrubber. A sequential set of material 
balances can be used to get the flows and concentrations in the rest of the process. 

Basis: 1 second 

(1) The water flow rates will not change except for the stream going to treatment 
which will be (10.1 - 0.7) = 9.4 kg/s. 

(2) The AN clues in the streams can be determined from the following balances. 

Let x be the kg of AN entering or leaving a particular unit. 

Scrubber balance 


*ScmWw 

Decanter balance 

+5.5(0.073) 

Distillation column plus two condenser plus stream iet plus product stream balance 

x!?. ... + 0 = v° ul + y 0ul x Y In 
Dx*Ull U X Ul + X Product +X Scn!bfKf 

Distribution of AN entering the distillation column 


-SUM xL„_ : 0-1 


4.2 


4.2 


4.2 
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One of these relations is redundant with the distillation column balance. 

The solution of these equations is in kg (note the changes are quite small, hence 
the number of significant figures is exaggerated): 

xL„ =4.302 X*. =0.102 xSL,- x£ =0.205 x£, =3.995 

Because the changes are so small, the NH 3 concentration changes are negligible. 
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13.1 


15.5 mm Hg 

14.7 psia 

100ft 3 

760 mm Hg 

10.73 psiaft ’ 

(lb mol) (°R) 

(296)(1.8)°R 


n 


(15.5X14.7X100) 

(760)(10.73)(533) 


- 0.00524 lb mol 


lb H 2 0 = (0.00524)(18) = [0.0944 lbHX>[ 


13.2 


Basis: 1 L gas ai 780 mm Hg and T 


1L 780 mm Hg 
1760 mm Hg 


Hi.026 l] 


13.3 (pV),-<pV) 2 


lxl = p xl.2 


P* 


L 

1.2 


= [0~83 atm | 


13.4 Specific volume: MW - molecu lar weight 


(RXT) _ (^W)T 

P P 


(1545.3/28.97) (78 + 460) 
(14.7)(144) 


13.56 


Molal specific volume: 
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V,.® = „ 392.8 ftVlb mol 

p (14.7X144) 

Note that 


V = = , 3 56 ft'/jb 

MW 28.97 


13.5 



215 psia 

460 + 70 - 530°R 
460 + 90 = 550°R 

atmospheric pressure 33 29.92 in. Hg = std atm = 14.7 psia 

. ... , 200psig + 14.7psia)29.92 in. Hg rT 

initial pressure =- - 1^0 p ¥ a 437 m ' Hg 


final pressure 


" 29.92 in. Hg + 


4 in. H?0 

29.92 in. Hg 

12 in. H^O 

ft h 2 o 

33.91 ft H 2 0 


(continued) 














































Solutions Chapter 13 


=* 29.92 + 0.29 » 30.21 in. Hg 
Basis: 1 ft 3 of oxygen at 70°F and 200 psig 


final volume = 


1.00 ft 3 

550°R 

437 in. Hg 


530°R 

30.21 in. Hg 


15.0 at 90°F and 4in, H 2 0 gauge 


Formally, the same calculation can be made using 

W 


V 2 = V ! |^7j (t“| sincen, = n 2 
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14.7 psia 

10 lb CO, 

1 lb mol CO? 

359 ft 3 

I303K 



441b C0 2 

1 lb mol! 

bo ft } l273K 

Vi 



; = p 2 = 66.6 

psia 


Hence the gauge on the tank will read (a ssuming th at it reads gauge pressure and that the 
barometer reads 14.7 psia) 66.6 - 14.7 - l51-9psid 


13.7 


Assume pn 2 o “ 62.4 lb/ft 3 , pbar * 14,696 psia 

■ +14.696 psia =231.387 psia 


500ftH,0 

14.696 psia 


33.91 ft H 2 0 


V = 


3S9 ft 3 ! 

1 14.696 

[45 + 460 

lb mol| 

231.387 

132+ 460 


= 23.4- 


lb mol 


13.8 


pV = nRT 


T pV 121 kPa 125 Ll 1 m 3 

(kg mol)(K) 

nR 0.0011kg mol| |, 000L 

- 330.8 ->|33iKl 

8.314(kPa)(m 3 ) 
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13.9 

You must first convert the temperatures and pressures into absolute units: 
460 + 70 = 530°R 
460+ 75 - 535°R 

atmospheric pressure = 29.99 in. Hg - 14.73 psia 


final pressure = 29.99 in. Hg + ■ 


4 in, H,0 

29.92 in. Hg 

12 in H,0 

33.91 ft H 2 0 

ft H,0 


= 30.28 in. 

Hg absolute 


The simplest way to proceed, now that the data are in good order, is to apply the ideal gas 
law. Take as a basis, 16.01 ft 5 (do not forget to include the volume of the O 2 tank in your 
system) of O 2 at 75°F and 30.28 in. Hg. Determine the initial pressure in the O* tank 
alone. 


"-'Mflf; 


! 


P, =*>- 2 * in- Hg (“jir")[i ?|) =480 in - H « 0bsolme 
In gauge pressure. 


(480 - 29.99) in. Hg 

14.696 psia 


29.92 in. Hg 
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13.10 

Basis: Data in the diagram 

State 1 is before corking; state 2 is after equilibrium is reached after filling. Assume pa = 
pZi = 29.92 in. Hg abs, pz2 ~ PA + PngS h = 29,.92 + h where pz2 is in inches Hg. 

Use the ideal gas law: pz2 Vz2 w PziVzt 

PZ2 “ 29.92 (8/6) = 39.89 in. Hg 

39.89 = 29.92 + h or h = 9.97 in. Hg 

9.97+14= |24"inTHg1 


13.11 

Basis: fixed amount of air in manometer 
A = area of manometer 
h - height of air, mm 
L = length of manometer, mm 

Vair = (h)(A) 

Pi _ V 2 _ h 2 
P2 V, h, 


f 1 

i 

\ 


1 1 


748 

t \ 

L Y 


< 


y 



736 


p, = 755 p 2 m 740 p 3 = 760 


pi - 755 - 748 = 7 mm Hg 

L = 748 + hj 

(1) 

P2 = 740 - 736 = 4 mm Hg 

L = 736 + h 2 

(2) 
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p 3 - 760 ~(L- 63 ) 12 + hi * h 2 (3) (h 2 /h j> ~ 7/4 (4) 

Solving (3) and (4): h| * 16 mm L = 764 mm 
7(A)(h|)-[760-(L h 3 >] (A) (h 3 ) (5) 

Substituting values of hi, L in (5), one obtains: 
h 3 = 18 mm 

The height of barometer - L -113 = (75rmm H"| 


13.12 

Basis: 5 L at 1 atm and T 

Assume T is constant throughout the dive. 

At the end of the dive the pressure is p * pgh, or easier let x * depth in m. 


x m i l atm 
110.34 


+ I - p atm 


The pressure for 1 L is obtained from p,V, = p 2 Vj 


P: ~P, 31 1 “ 5 atm 


10.34 


■ —4 


hence x = 141.4 ml 


13.13 


( 1 ) 


Basis: air at 30 psi and 75°F in volume of tire 


Initial State (2) 

Final State 

pi - 44.7 psia 

P 2 “? 

T, = 535°R 

T 2 -6Q0°R 

Vi-? 

V 2 - 

N) - ? 

3 

H 

PiV, 

p 2 v 2 UJrUJ 



Assume volume is the same ) ( T, ) , 4A -J 600^ ^ , 

V Pt = Pi M- = (44.7) - = 50.2 psia 

The number of mols are the same} ^ T, J 1535 J 


50.2 - 14.7 - 35.5 psia | just over the limit] 


13.14 

Basis: 1 hr 


a) 

Q - v A 



^ ll.3ftl3600sKl8.0in) 2 

1 ft 2 


Q ~ 7 1 T hr 1 

(12 m f 


In 1.0hrl2.875x 10 5 ft 3 | 


b) 

m - pvs 



(continued) 
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13,15 Basis: Flue gas at 1800 C F, constant pressure, and given volume 

L Calculate the inlet cross-sectional area A: 

A ; =n[(D.yy4 = rt(4 2 )/4= 12.57 ft- 

2. Calculate the inlet volumetric flow rate Q: 

Q - (velocity)*(cross“sectional area) = 25( 12.57) = 314.16 ft^/'s 

3. Calculate the outlet volumetric flow rate using the ideal gas law: 

Q* - QjfT^/Tj) - 314.16(460 + 550)/(460 + 1800) = 140.40 ft Vs 

4. Calculate the outlet cross-sectional area: 

A u — Q 0 /v n = 140.40/20 = 7.02 
Calculate the outlet duct diameter: 


(D 0 ) 3 “ 4<A 0 )/rc = 4<7.02)/jt 
D„ - <4(7.02)/7t) c 1 = 12.99111 


5. 
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13*18 


Basis: 1 hr = 500 lb waste (W) 


Get pg/ft 3 at SC 1 pg/mL « 0.001 g/L; ignore HC in totaling W 


500 lb W 

454 g 

0.01 g HC 



1 lb 

IgW 

427,000 ft’SC 


- 5 — = 5.32*10^ HC/ft J SC 


The minimum volume of flue gas is 


1 ft’SC 

lg 

10 ug 

25 mL 

5.32 x io ’g HC 

10 ‘pg 

mL 



■ Ift047 ft’SCl 


b. 


0.047 ft’SC 

1 hr 


427,000 ft’SC 


= ll.l X IQ-’ hrl 


13.19 Basis: I min =10 g VC 


F 

T = 25°C 
p-101.3 kPa 


T = 25°C 


P VC = 1 ppm p = 101^3 k p a 


lOgVC 
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Apply pV=nRT to get the volume of VC at SC and then use the mole fraction 
information to get the volume of air (the addition of VC to air has negligible effect on the 
volume) 

MW VC = 78 


0.0101 kg VCl 

|l kg mol VC| 8 ' 3 l4(kPaXm r 

298K 


1 78 kg VC | 

i (kgmolXK) 

101.3 kPa 


: 3.01 x 10‘ 3 m 3 VC at SC 


Volume fraction is the same as mole fraction here, 

: = [Ioi 


3.01 x 10 -3 m 3 VC at SC 

10 6 m 3 air 


1 m 3 VC 


x IO 3 m 3 /min1 an absurd numberf 


If a hood is used: 


(30X25) in 2 

1 ft 2 llOOftl 


144 in 2 | s 1 


(j.06x I 0 6 )ft 3 /min 


ny x 60s 
' min 


1 ft 


-(882 m^/minl a smaller amount of air. 


Besides inconvenience, the discharge concentration from 
unacceptable. 


the hood vent may be 
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13.20 

Basis: 100 ppm of TCE (MW 131 *5) in air 
p = £jjl^ where MW is the average MW. At 100 ppm, MW - 

(100xl0 -ft )(131,5) + () -lOOx 10“ 6 )(29> = 29.013 
|The"density is essentially the same as that of air,| 


0.21 


Basis: 1 min T = (68 + 460)/1.8 = 293K 

M W = benzene « 78.11 g/g mol p Bz | iq = 0.879 g/cm 3 


pV - nRT 


R = 0.08206 (L)(atm)/(g mol)(K) 


2.5 cm 3 liq 

0.879 g Bz liql 1 g mol Bz 

min 

1 cm 3 178.11 gBz 


0.281 


g mol 


V = 


0.0281 


g mol l' 

in 


; 0.0206 (LXalml 293K__ . Q 694 ±_ 

(g molXK) | (740/760) aim ' min 


To dilute to 1.0 ppm, mulitiply by I0 6 oruse 16.94 x 10 s L/min 1 (695 m 3 /min or 
24,500 ftVroinj i. 
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13.22 


Basis: 1 m 3 gas passing at 10 D F and 1 atm, vs 60°F and 1 atm. 
(assume pt = P2), Ti = 520°R; T 2 = 470°R 


1 m 3 

520°R 


470°R 


Since the moles, and mass, are directly proportional to volume at constant pressure, 
increase - |t0.6%! 


13.23 

Basis: CO 2 in cylinder 
Volume of cylinder 

nrh =n{^~) (4.33) =1.9! ft 3 

Assume 100% C0 2 in cylinder at 0°C 

— 11.55 ft 3 at 14.7 psia. 70°F 


1.91 ft 3 

82.6 psia 

530°R 


14.7 psia 

492° R 


If the machine has a 4 gal capacity 

0.535 ft- at 14.7 psia and 70T 


4 gal 

1 ft 3 


7,48 gal 


You have more than enough C0 2 to fill the machine, if it operates under atmospheric 
pressure. 
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13.24 


(a) [1.987 cal/(g mol)(K)j] (b) [1.987 Btu/Qb tnolX 5 R)S| 

, x 14.7 psial 359 ft 3 
(c)- 


492°R II lb mol 


10.73 (psia)(ft 3 )(°RXIb mol) 


(d) 


1.013 x 10 5 N/mi 

I 22.4 m 3 

u I 

| 1 kg mol 

273 K 1 

1 1 kg mol 

l(N)(m)| 

Il0 3 gmol 


(e) 

(0 


18.314 J/(g mol) (K)| 

Uap p^OTcm 3 = | 82 Q6 mol) 

273 Kl lgmol I-i— t —-3 

1 atm I 3S9ft 3 
492 'rIi lb mol 


0.7302(ft 3 }atm>(lb molX < ’R) 


13.25 


Basis: 1 ft 3 O 2 at I00°F, 740 mm Hg 

a = —( 7 40X14.7)(1) = 0.00238 lb mol 

(760)(10.73)(560R) 


Density at 100°F, 740 mm Hg 
_ (0.00238)(32) 


1 


0.0761 lb/fl 3 
(1.22 g/liter) 
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13.26 


(a) 


Basis: t kg mol gas at 200 kPa and 40°C 


R- 8.31 


(kPa) (to 3 ) 

(K) (kg mol) 

MW - 44 kg/kg mol 
Density = p(MW)/RT 


T = 40 +273 -313 K 
p - 200 kPa 


200 kPal 

| 44 kg I 


313 K 

ll kg mo)| 



» 13.38 kg/m 3 


(b) Specific gravity here is assumed to be density of propane at SC/density of 
air at SC. 


Sp. gr. ■ 


PC 3 H s n ( MW C 3 H B , 

44 

RT C)H, 

p air n(MW) air " MW.;, " 29 

^aj r 


13.27 


Basis: 1 lb mol gas at 760 mm Hg and 60°F 


Pc,h,(MW C iH ,) 

800(44) 

5201 1 

RT Cl „, 

P.„(MW)„, 560 

760)29 

RT^ 
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13.28 


Basis: 1 m 3 H 2 at 5 °C and 110 kPa 


lm ! 

2731 HOkPa 

1 kg moll 

2 kg 


278ll0l.3 kPa! 

122.4 m’ 

11 kg mol 


0.0952 kg/nv 


2 kgH, 

I kg mol air 

1 kg mol H 2 

29 kg aiT 


* 10.0691 - specific gravity 


13.29 


Basis: 100 kg mol gas. 




Mol 

MW 


wt% 

a) 

CH* 

87 

16 

1392 

77.5 


c 2 h* 

12 

30 

360 

20.0 


c 3 h 8 

_ .1 

44 

44 

2.5 

Total 


100 


1796 

100.0 

b) 

composition 

in vol. percent 

= mol percent 




CH 4 87% 
C 2 H 6 12 % 
C 3 H 8 1% 


c) 


MW of gas - 


- 1 - — B ~ = 17,96—^— 
100 kg mol kg mol 


R- 8.314 (kPa)(m 3 )/(kg moi)(K) T - 9°C - 282.15K 


Solutions Chapter 13 


no. of moles of gas 



= 4.45 kg mol 


4.45 kg moip.3l4(kPa)(m 3 

282.15 K 

I (kgmolXK-j 

600 kPa 


-Il7,4nt!i 


d) 


density - 


17.96 kg 

1 kg mol 

1 kg mol 

22.415 m J at SC 


= 0.801 kg/m 3 


e) 


Specific gravity - 


density of gas at 9°C and 600kPa 

density of gas at SC 


600 

1 

17.96 


8.314 

282 


101.3 


29 


8.314 

273 


3 55 kg/m 3 gas at 9°C, 60Q kPa 
’kg/m 3 gas at SC 
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13,31 


Basis: 2m * 1 2 3 at 200 kPa and 25°C 
p^= 200(0.8) = 1160 kPal 


13.32 

Basis: Gas at 30 psig and 20°C 
Assume the barometric pressure = 14.7 psia 
14.7 + 30.0 - 44.7 psia 


Po, = (44.7) (0.01) = |0.447 psia @ 20°C 


13.33 

Basis: 1 liter final volume 

Assumptions : 

(1) Temperature is constant 

(2) Idea! gas law applies 

Pt ** Po. + Pn, ~ (760 + 760) « 1,520 mm Hg 
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13.34 

Basis: 1 lb mol of gas mixture 
At 20°C 

PcO)' PrYco,- 0.20(740) - 148 mm Hg 


Po>* P T y 0; “ 0.60(740) = 444 mm Hg 
Pn. *= PtYn. 0.20(740) ^ 148 mm Hg 


At 40°C the pressure is 


740 mm Hg 1 313 K 
|293 K 


- 790.5 mm Hg 


(Pt )Yco, 'Pco, - (03QK790.S)- 1158.1 nun Hg | 
(Pt)Vc, =Po. - (0.60X790.5) (474.3 mm Hg| 
(Pt)Yn, * Pn. = (0.20X790.5) = |158.1 mmHg| 
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13.35 

Steps L2. 3 : 


C too 
H Hao 
Soo 


p 



ch 4 ii>o% 




Air Ta C 

it 0.21 


*4 


mrvil ( 6 rn*\. 

CcdtuUtlftvti 

bcloni) 


CO 

30) 

CO e 

70 

Oi 

55 

Mt 


Hi.0 

20 O ) 


CH 4 + 2 O 2 -> C0 2 + 2 U 2 0 CH 4 + 3/2 0 2 -> CO + 2 H 2 0 

Step 4 : Unknowns: P and all the compositions of P (5 unknowns) 
Step S : Balances; C, H, 0 ; N + fact that 30% of C -* CO 

Step 6 : Basis: 100 mol F 

Steps 7. 8 : 

C balance: 100 mol in CO = 30 mol | 

CO, - 70 mol lout 
100 mol] 


2N balance: Reqd. 0 2 : 200 mol 

XS0 2 : 0.20(200)= _40 

Total 0 2 in 240 mol 

(continued) 
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2400, 


0 79 N 

——- 1 - 903 mol = n,. out 


0.21 O, 


400 


2H balance: mol H 2 0out = mol H 2 in = - j- = 200 mol 
20 balance: O 2 in - O 2 in CO, CO 2 , H 2 O 55 O 2 out 
240 -|4p+ 70 +^J = 55 mol 


alternate: XS 0 2 + 0 2 not used for CO * 40 + = 55 mol 

Pco = Pt^CO 
-(740) 

- [f7.7 mm Hg[ 



a. F b. F c. T 


13.36 
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13.37 

Steps 2.3.4 : 



Step 5 : Basis: Gas listed in the figure 
Steps 6 and 7 : 

Unknowns p (final), V (final); Equations: ideal gas laws 

V Huai — 1 m 


Hi + fl2 — n final 


Steps 8 and 9 : 


n. — —*■ n,- 1 — Uf —- 

1 RT, ’ RT, r RT f 


(600kPaXO Sm 3 ) f (150 kPa)(0.5m 3 ) _ p f (kPa)(1.0m 3 ) 
293K 303 K 2S8K 

Ip^fiSkPa] 
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13.38 

Steps 2. 3> and 4 : p t - 55 + 14.7 - 69,7 psia 
Step 5 : Basis: Gas with given data 

Stens 6 and 7 : Unknowns: T.,T,,T ( ,p r (V, = 400 + 50 = 450 0’) 
Equations: 

P«V 5 =n t RT, T t =T ? =T r 
p 2 V 2 = n, RT, 
n t +n 2 = n f 


PfV f - n f RT f 

p,V, 400(69.7) 

n,-7"— 

RT RT 

n _ (50X14.7) 

" RT 

p |V[ ,p°( | 4 ^)«j RT 

5004.7)1-400(69.7) = 28635 , 

450 450 1 1 1 ; ' 1 

13-39 


Steps 2. 3. and 4 : 

40 |L 

100 psig - 114,7 psia MW=— -— 

1 lb mole 
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60°F = 520°R 

Step 5 : Basis: 100 ft 3 N 2 @ 100 psig and 60°F final moles 
Final Moles: 


100 ft’ 

1114.7 psia 

492*R 

i lb mol 


| 14.7 psia 

520°R 

359 ft- 


■ =2.056 lb mol 


Initial moles: 2.056 + — - 2.092 lb mol 
- 28 


Initial pressure : 


2.092 lb mol 

(80 + 460)® R 

0,7302(0’Kama) 

100 ft’ 


(lb mol)(°R) 


= 18.24 atm absl (121.2 psia) 
(106.5 psig) 


13.40 

Step 5 : Basis: 1 min 
Steps 2. 3. and 4 : 


i r--to»c 

p - ? kf 
^ r r&L& > 

5 ft 

alt- 

*' ot> _ (continued) 


F « ? A* *4 


4 rv 


hoc 
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28.8 m 3 at SC 

1 kg mol 


22.4 m 5 at SC 


1.29 kg mol 


Step 6 : Unknowns: P, F 

Step 7 : Indept. balances: air, SF6 

Steps 8-9 : Balances are in moles 

SF 6 : F(0)+ 1.29 * P(4.15*10‘ 6 ) hence P = 3.098 x 10 5 kg mol 


3.098 x io 5 kg mol 

22.4 m 5 at SC 160 + 273 


I kg mol 1 273 


= |8.46*10 6 mVmitil 


Alternate solution : 


28.8 m 3 at SC 

333K 

1 


273K 

4.15x10^ 


= 8.46 xlO 6 


13.41 

Step 5 : Basis: 15 lb CO 2 added =30 min 
Steps 2.3. and 4 : 



to*£ 




'Tr^L -fr. 

6?j_ *£ 

0,01^ 


041$ 

Ji CO* 


Pif*~ 

T 


Co, 


w. 

*4 


1 

/••to 


is lt> C°z, Co-5it li^t) 

toa/,0^ 


&iS/6/rni* 
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Step 6 : Unknowns: F, P 

Step 7 : Balances: Gas, CO 2 

Steps 8 and 9 : Balance overall on process in moles 

Gas: 0.988 (F) - P(0.966) 

C0 2 : 0.012 (F) + 0.341 - P(0.034) 


Total: F +0,341 - P 


F 


F - 14.79 lb mol P= 15.13 lb mol 



14.79 lb mol 

21.9(in HgXft 5 ) 

(60 + 460)°R 

30 min 

31.2 in Hg 

(lb mol)(“R) 



= il82ft 5 /minl 


at60°F and 31.2 in Hg 
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13.42 


The gas in the cell is composed partly of NO and partly of NO;. We can use The ideal gas law 
to calculate the total gram moles present in the cell. 


Basis: 100 cm 3 of gas al 170 kPa and 3(^0 


R = 


101.3 kPa : 

1 22.41 L ] 

1000 ctn J 

273 K 

f I g mol 1 

1 L 


■ 8.316 x lO 3 - 


(kPaXcm 1 ) 


RT 


170 kPa 

100 cm 1 

8.3.6 

(K)(g mol) 

303 X 


(K)(g mol) 
0.00675 g mol 


If the mixture is composed of NO (MW = 30) and NO, (MW - 46), because we 
know the total mass in the cell we can compute the fraction of, say, NO. Let x 3 grams of 
NO; then (0.29! — x) = g NO,. In a table formal the calculation is 


Component 

8 

Mol. Wt. 

g mot 

NO 

X 

30 

; 

30 

NO, 

0.291 - x 

46 

0.291 - x 

46 

Total 

0.291 


0.00675 


•— + = 0.00675 

30 46 

0.0333x + (0.291 - xX0.0217} = 0.00675 
jr = 0.0366 g 

The weight percent NO is 


0.0366 

0.291 


( 100 ) = 12 . 5 % 


and the mole percent NO is 


0.0366 g NO IlgmoINO = 

0.0067S g mol total |. 30 g NO 

Can you let x be the mole fraction NO and obtain the same result? (Answer: Yes.) 
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13.43 

Steps 2. 3. and 4 : 



Step 5 : Basis: 2 min 
Steps 6. 7. 8 and 9 : 


mol of gas out «= 


30,000ft’ 

720 mm Hg 

492° R 

1 mole 


760 mm Hg 

520°R 

359 o’ 


- 75 mol 


60 mol gas 

!0.162 mol CO, 


| 1 mol gas 

75 mol gas 

0.131 mol CO, 


1 mol gas 


- 9.7 mol C0 2 in 


: 9.7 mol CO, out 


mol of gas in = 


47,800ft ! 

740 mm Hg 

s> 

l mole 


760 mm Hg 

I 06 CTR 

359 o’ 


Thus since there are more moles out than in, one may assume the system does contain a 
leak. Also, assuming a leak would bring no additional C0 2 into the system, the above 
C0 2 balance calculations indicate the given analysis is probably correct. 
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13.44 


(fS- 


ICO'C 
lio -kfc. 


WfcO 



L 

|| (Ze&ctor- 




SSL 


MHj <m(g 


Ifo’c. 




Basis: 1 mol of NH 3 fed 

NH 3 balance: (1+R)(0.2) = R 


0.8 R = 0.2 


R - 0.25 


mol NH 3 recycled ^ 

mol NH 3 fed J 


1 m 5 (100"C, 150 kPa)NH, fed 

0.25 mol recycled 

(150 + 273)K 


1 mol NH, fed 

(100 + 273)fC 


- In 284l f m3 at I SOT, 150kPa ^ 

^-\m 3 NH 3 fed at 100T, 150 kPaJ 


13.45 


Process: Steady state with reaction and recycle 
Step 5 : Basis: 1 min 260L C$H$ 
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Steps 2.3. and 4: 950L 

H 2 

C 6 H 6 + 3H2-*C6Hi2 

Covert L -> mol 


feed n = “ 

- RT 

p= 150 kPa 

n H , =45.96 g mol 

= 12-58 g mol 

T = 100°C + 273 = 373K 
(kPaXm 3 ) 

R ' 8 314 (kgmolXK) 

Steps 6 , 7. 8 and 9: 


Select the overall system for the first balances. 

In - Out + 

H 2 : 45.96 - nj, 2 + 

generation - Consumption - 0 

0 - 0.75(45.96) = 0 

C^Hg: 12.58 - n c 6 H 6 + 

0 - 0.75(45.96)^ - 0 

CfiHn: 0 - n C(iH| , + 

0.75(45.96)^ - 0 =0 

from 1: n H? = 11.5 g mol 

from 2 : Hc 6 h 6 = 109 g mol 

from 3; n^ 6 H p ~ 11.5 g mol 


b. Volumetric flow rates: 

T = 200*0473K 

P = 100 kPa = 0.987 atm 

(continued) 
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(n%)(RT)_ 


= 452 liters/mm 


H 2 balance on Reactor + Separator 

H 2 : (45.95 + 0.90R) - (0.90R +11.5 ) + 0 - 0.48 (45.95 + 0.90R) = 0 
Substitute for n H ^ and solve to get R = 28.7 kg mol 
Volumetric flow rate (R> = l&9QJ,iiers/mint 


13.46 Basis: 1 day = I 0 4 kg C 2 H 2 O 


100% C 2 H 4 


R I0°C, lOOkPa 


mol fr. 
C 2 H 4 0.40 


C 

o 2 

UEs-1 


Reactor 
300°C 
1.2 atm 

C 2 H 4 , p, „ 

Separator 

0 2 ' 


c 2 h 4 o 



100 % c 2 h 4 o 

P 2 =l 0,000 kg 
1— »(227.3 
kg mol) 


1,00 70% conversion of C 2 H 4 0 


C0 2 nco 3 
Dh 2 o 
°2 n 0 2 


If the overall system is chosen, the unknowns are F 1 and rtj, and three independent 
equations can be written from C, H, and O balances plus nco 2 ” n H 2 <> 

Pick the system of the reactor plus separator, and use the data for the conversion. _ 
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Step 5 : Basis 


1 Q.OOOk g |l.°Okg^K ) l - _ 227.3 kg mol C 2 H 4 0/day 


Steps 6 . 7. 8 and 9 : 


Mixing point: F t + R = F 2 => 0.40F t + R = n £ 2 h 4 * 0.60 - no,. Unknowns: 

R.F 2 ,R,n 0j ,n Ca H 4 

Reactor plus separator : 


C 2 H 4 balance: 


consumed 

in out f- 7 —f- 5 —' 

^0.4(F,>Rj- R-[0.4(F ] )+RJD.5-0 


generation 


C 2 H 4 O balance: 0-227.3-ft F . 4 > + R]C0.50)(0. 7 0) = 0 
Fi = 811.79 kg mol/day R - 324.7 kg mol/day 

Fi+R=F 2 ^ 1136.49 

<v tro i 

(a) 


1136.5 kg mol 

22.40 m 3 at SC 

1 day 

day 

1 kg mol 

24 hr 


adjust recycle 


(b) 


324.71 kgmolofO>H 4 inR 

22.40 m 3 at SC 

283Kj 

1101.3 kPa 

(811.79X0.40) kg mol ofC 2 H 4 in Fj 

22.40 m 3 at SC 

273 K 

1 100 kPa 


Overall balances (kg mol) : unknowns n^© 


Balances© 


(continued) 

























































Solutions Chapter 13 


C: 811.79 (.40) (2) - 227.3 (2) + n C o 2 n C0 2 = 194.83 

H: 811.79 (.40) (4) 25 227.3 (4) + n W (2) nw - 194.83 

0: 811.79 (.60) (2) - 227.3 (1) + 194.83 (2) 

+ 194.83 (l)+n (>2 (2) R 02 “81.18 

G - 194.83 + 194.83 + 81.18 = 470.84 


470.84 kg mol ? 2 

22.4 m 3 at SC 

3531 

1101.3 

day 

kg mol 

2731 

100 


(c) 


1.38 x 10 4 m 3 gases/day at 80°C and 100 kPa 


13.47 

Steps 2.3 and 4: 


2I°C-294K 
3,000 m3/day 

FTm&D 

Pm ~ 103 kP* 

P 3 ~ 586 kPa 

Pi* ~ 689 kPa 


roo% h-faktue. 


Step 5 : Basis: 1 day 
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Step 4 : 


mol in 
pV-nRT 


RT 


689 kPa 

3,000 m 3 

(kgmolXK) j 

1 



8.314(kPa){m 3 J 

1 294K 


V=A „ _ 586kPa _ molC 4 H,|, 
y p T yB 689 kPa °- 8505 mol feed 


Steps 6-9 : 

mol C 4 H l0 out 


845.635 kgmol/day 


845.635 kg mol f| 

0.8505 mol C.HJ 

j 0.8 mol C 4 Hjo 

day 

mol feed 

!mol C 4 Hto feed 


tnolc 'i H '(i 
'day 


overall mol balance (no reaction) 


F = L + V 


V=F-L= 845.63S -575.35 = 270.26 kg mol 
pV = nRT 


270.26 kg mol 

8.314 (kPa)(tn 3 ' 

31 IK 



(kg mol) (K) 


1550 kPa 


= |l,270.57 m 3 ! 
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13.48 

Steps 1, 2. 3.4 : Steady stale problem with a reaction. 






emp, 

co 2 

pM H2 ° 

o 2 

msl 

n co 2 

n H 2 0 

«0 2 

p (Wf) 



100 kPa. 

ntoifr njaa&ns 

1.00 (C 4 H 10 ) 



260°'C 




N 2 

n N 2 

40% xs 

0 

N 

ACtrvdl) 

air 

roolii 

2 0.21 

2 £L22 

1.00 




Step 5 : Basis: 1 kg mol n-butane 

Step 6 : Unknowns are the moles in P (4) plus P. 

Step 7 : The element balances are C, H> 0,N, and we can use £nj = P so we can 

get a unique solution. You can use element balances or compound 
balances. The former is easier. 

Step A : Calculate A given the 40.0% excess air. 

C„H 10 + 6 ^ 0 2 -► 4 C0 2 + 5 HjO 


1.00 kg mol C 4 Hjo 

6/ 7 kgmol 0 2 


1 kg mol C 4 H | 0 


in 

~ 6.5 kg mol 0 2 


6.5(0.40) 


- 2.60 kg mol 0 2 x$ 

= 9.10 kg mol 0 2 total 
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9.10 ( 07 %. 2 i) - 34.23 kg mol N 2 

Steps 7. 8 . and 9 : 

Balances (kg mol) 



In 

Out 


C: 

1(4) - 

n CQ, 

•si¬ 

ll 

8 

(5 

H: 

1 ( 10 ) = 

n n,o( 2 ) 

n H 2 0 ^ 

02 : 

9.10 - 

, n Hi0 

n co. +n o 2 "* 2 

n 0j = 2.6 

N2 

34,23 = 

% 

n N: =34.23 


P = 4 + 5 + 2.6 + 34.23 = 45.83 kg mol 


.. nRT 45.83 kg mol| 8 - 314 ( kpa )( m3 l 

533. IK 

p 100.0 kPa i (kgmolXK) 


=12,03 x Iff 1 ,jail 

(continued) 
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flue gas analysis 

kg mol 

mol% 

C0 2 

4 

9 

H,0 

5 

11 

0 2 

2.6 

6 

N 2 

34.23 

75 

Total 

45.83 

100 


13.49 


f, H ; 100% >i 


HSiC<j 100% 


Reactor 

1000 ,, C 


HCl 


100 % 


->w 


Si 100% 644.95 mol 


P = (D)(V) = c[|l(dJ-d5] = 

" I—^H - ( [ Q ~ (1 ™ )3 Ufigr - 644.95 gmol Si product 

cm 14 I 1*8 

Si balance 


F 2 g mol HS 1 CI 3 ] 1 g mol Si 

11 g mol HSiCl 3 


= P g mol Si, hence F 2 = P 


H gmol balance 


Fi gmolH>j 

I 2 g mol H F* g mo! HSiChl 

| 1 g mol H WgmolHC! 

1 1 g mol H 


11 g mol H 2 | 

IlgmolHSiCl* " 

llgmol HC! 
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Cl mol balance 


Fi(0) + 


F 2 g mol HSiCl 3 | 3 g mol Cl 

W g mol HC! 

1 g mol Cl 

11 g mol HSiCl 3 

1 g mol HCl 


Solution: 


F 2 = P -1 gmol HS1CI3 


3F 2 55 W * 3 g mol HCl 
2 Fi+F 2 = W 


t- _3 gmol - 1 gmol , , „ 

Fj =—2 - ^° -= 1 g mol H 2 

I gmol H4644.95 gmol Si 

“SM- - -= 644.95 g mol H 


2 


pV - nRT 

V = £*I 

P 


644.95 g mol 

82.06(cm 3 )atm) 

1273 K| 

1 L 


(gmolXK) 

1 atm 1 

11000 cm 3 


= 167,373 LI 
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13.50 


From ^ 

incineration 


4.0% CO 
2.60% CO 
2.0% CH 
16.0% FU 
52.0% N 2 


Y H 2 0 (100%) 


@ 60°F and 30 in Hr abs^ 


— 

C0 2 

T CO 

I °2 

W= 1200 ft 3 @60°Fand N 2 
30 in Hg abs. 

80.5% CH 4 
17.8% C 2 H 6 
1.7% N 2 


12 . 2 % 

0.7% 

2.4% 

84.7% 


Step 1.2.3. and 4 : Steady state process with reaction. 


Step 5 : Basis: 1 min. 

Step 6 . 7, 8 . 9 : 

Element balance: have C, H ? O, N, and have 4 unknowns P, Y, F, A. 
Basis: 1200 ft 3 of W at 60°F and 20 in. Hg 



Fin 


Ain 


Win 

Yout 

Pout 

C: 

(0.04 + 0.26 + 0.02) F 

+ 

0 

+ 

(0.805 +2x0.178)W 

- 0 - 

(0.122+ 0.007)P =0 

N2: 

(0.52) F 

+ 

0.79A 

+ 

0.017W 

- 0 - 

(0.847) P =0 

H2: 

(0.04+0.16) F 

+ 

0 

+ 

(I.61+0.534)W 

- Y - 

0 =0 

O: 

<0.08+0.26)F 

+ 

D.42A 

+ 

0 

- Y - 

(0.244+0.007+0.048)P =0 


Introduce W= 1200 ft 3 


C: 

0.32F 

+ 

0 

+ 

1393.2 ft 3 

- 0 - 

0.129P 

=0 

N2; 0.52F 

+ 

0.79A 

+ 

20.4 fi 3 

... 0 - 

0.847 P 

= 0 

H2: 

0.20F 

+ 

0 

+ 

2572.8 ft 3 

- Y - 

0 

= 0 

O: 

0.34F 

+ 

0.42A 

+ 

0 

- Y - 

Q.299P 

-0 
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Solve: If = 3,975 ft 3 

A =19,510 ft 3 

Y“ 3,370 ft 3 

P = 20,660 ft 3 


. . 19,510 ft 3 (®,60°F & 30 inches Hgj540°Rj 30 inches Hg 

Alr m | 520 °rI 29.6 inches Hg 

= 120,535 ft 3 ! 


13.51 


Basis: I lb mol of 50% H 2 and 50% C 2 H 4 O 


PlVj - niRTi p 2 V 2 “ n 2 RT 2 Ti = I 2 


P,_n, 760mmHg_ 1 hence 0922 , bmol 

p 2 n 2 700mmHg n 2 


Let y - mol of C 2 H60 formed 


(0.5 - y) + (0.5 “ y) + y =* 0.922 


from which y — 0.079 lb mol C 2 H60 formed 


Degree of completion = - ^ x 100 = 115.8%! 


13.52 


C 6 H 12 0 6 is glucose and C 3 H 8 0 3 is glycerol 


The reaction equation is 


1 a CH l 8 O a <N 0j + b NH 3 +c 

(continued) 
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-+ d C 3 H 8 0 3 + e C0 2 + f N, + g H 2 0 


The amount of C0 2 measured (52.4L at 95 kPa and 300 K) is 


52.4 L CO, 

lm 3 

95 kPaj 


(kg mol)(K) 


1000 L 


1 300 K 

8.314 (kPa)(m 3 ) 


2 x 10" 3 kg mol or 2.00 g mol 


Use element balances and specifications to get the coefficients in the reaction equation. 
Let c = 1 (divide both sides by c) be the basis for obtaining the coefficients: tthen there are 
6 unknowns, 4 equations, and two specifications: 


C: a + 6 c - 3d + e 

H: 1.8a + 3b + 12" 8 d + 2g 

O: 0.5a + 6 = 3d + 2.00(2) + g 

N: 0.5a + b = 2b 


Specifications: 

— = 1 and - « 2 
b c 

The solution of the equations is: 


a = 7.27, b = 3.64, d = 1.09, f = 3.64, g = 1.64 

The glycerol produced was 11.Q9 g moTT] , and 
The biomass reacted was 17.27 g mol] 
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13.53 


Basis: l hr 


2.5x10' 7 g mol O, 

2.9x10 6 cells 

10 4 mL 

s 

1 

| 

725 mg mol 

( 10 3 cellsXhr) 

mL 


l gmol 

hr 


45 L gas 

© 

r 1 

O 

110 kPa 

l m 3 


(kgmol)(K) 

h 

1 Lgas 


10 3 L 

298 K 

8.314(kPa)(m 3 ) 


= 7.99 x 10 4 kg mol/hr or (799 mg mol/hr| 
c. I Increase! 


13.54 


Basis: 10 6 m 3 at SC of CH 4 burned completely 


Ignore the oxidation of S, N, and C going to CO in the material balance to simplify the 
calculations. Including those products will have negligible effect on the N 2 and C0 2 produced. 

CH 4 (g) + 20, (g) -► C0 2 (g) + 2H,0(g) 

Calculate the kg mol of CH* burned: 


; 44,613 kg mol 


lOWat SC 

kg mol 


22.415 m 3 


Assume 10% excess air is used. Base the COs on the emission factor value. 

(kg mol) Emission factor 


Required O 2 entering: 44.613m - 

kemol 

89,226 

Excess 0 2 ( 0.1 )(89,226) 

...mi 

Total 0 2 : 

98,149 

N 2 entering: 98,149(79/21) = 

369,227 


(continued) 
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Exit gas 


CO, produced: 

44,613 

43,812 

0.086 

N 2 exiting: 

369,227 -► 


0.722 

H,0 exiting: (2X44,613) = 

89,226 -> 


0.174 

0 2 exiting: (0.10)(89,226) = 

8,923 - 


0.017 

S0 2 : (9.6)/64 = 


0.15 

2.9* 10’ 7 

13040/46- 


66 

1,3 x t0‘ 7 

NO, :j 1600/46- 


35 

6.8 xlO’ 5 

(1500/46 = 


33 

6.4x!0" 5 

[1344/28 = 


48 

9.3 xlO -5 

\640/28 = 


H 

4.5xl0“ s 


Total (about) 

511,200 

1.00 


On a dry basis: 


mol fr . 

SO, 3.5xlO -7 

N0 2 1.6* 10* 4 , 8.2x10‘ 5 , and 7.8x10 * respectively 

CO 1.1 x1 O^ 1 and 5.5x10 s , respectively 


13.55 


Basis: 10 2 L of No. 6 fuel oil 


10*Loil 

0.86 g 

1000 cm 3 


1 cm 3 

1 L 


= 8.6x10 5 gor 8.6x10 2 kg of oil 


To get the moles of pollution components alone in the gas produced, the kg have to be converted 
using MW (ignore the particulate matter) 
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kg 


MW 

gmol 

m 3 at SC on the basis 







of jOVkg 

SO, 

19 (0,84) 

- 15,96 

64 


249 

6.5 

SO, 

0.69 (0.84)-0.580 

80 


7.3 

0.18 

NO, 

8 


46 


174 

4.5 

CO 

0.6 


28 


21 

0.55 

CO, 

3025 


44 


6.875 x 10‘ 

1 1,790 

Example of calculating the m 3 at SC on 

the basis of 1 metric ton (10 3 kg) of No. 6 fuel oil burned: 

i 

SO,: 

0.249 kg mol 

22.415 m 3 at SC 

10 1 kg oil 

= |6.5 m’ 

atSc| 

8.6x10 3 kg oil 

1 kg mol 



13.56 


10 3 Loil 

0.86 g 

1000 cm’ 


1 cm 3 

i L 


Basis: 10 3 L of No. 6 fuel oil 


= 8.6x lo 5 g or 8.6x 10 2 kg oil 


Calculate the kg mol of each compound in the oil: 



Mass fraction 

kg 

MW 

kg mol 

C 

0.8726 

750.4 

12 

62.53 

H 

0.1049 

90.21 

1.008 

89.49 

O 

0.64 xlO -2 

5.5 

16 

0.34 

N 

0.28 xlO -3 

2.4 

14 

0.17 

S 

0.84xi0" 2 

7.2 

32 

0.23 

ash 

0.04 xlO" 2 

0.3 

- 

- 


Calculate the moles of product gas 


(continued) | 
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kg mol 

MW 

kg 

co 2 : 

c+o, —>co. 

62.53 

44 

2751 

N: 

n+o,->no 2 

0.17 

46 

7.8 

S: 

The SO z and SO 3 are from the EPA data and Problem 13.55 




kg 

kg mol 


S0 3 : 


0.58 

0.0073 


S0 2 


15.96 

0.249 


if the S + O 2 -> SO 2 is used as the product from the S in the oil, the value of 0.23 can be 
compared with 0.25 (ignoring the SOj). 
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14.1 


Basis: 7 ib N 2 or 7/28 = 0.25 lb mol N 2 


b. 


K V 
= 141 atm 

T c = 126.3K 


0.25 lb mol 

(120 + 460)°R 

0.732(atm)(ft 3 ) 

0.75 ft 3 


(lb mol)(°R) 


p £ = 33.54 atm 

0.75 ft 3 
0-25 lb mol 


T r = 


580 


(126.3)(1.8) 


- = 2 , 


K-L. (1,314) (126.3K) 

p c ; ()bmoi)(Kr 1 


= 0.607 


33.54 atm 

From the compressibility charts 

p x = 4.3 so that p = p r pc = (4.3) (33.54) = 144 atm 
Note : You calculate z from T r and V r \ and then use p = 


14.2 


pc - 50.5 atm 


Basis: 2 g mol C 2 H 4 

Tc - 283.1ft; p = ? T = 95 + 273.1 -368.1 K 


V r = 


RT C _ 82.06(cm 3 )(atm) 


P< 


(g mol)(K) 


283.1 K 


50.5 atm 


= 460 cm 3 /g mol 
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418 cm 3 3 , * 

V= —— = 209 cm /g mol 


V - 

~-V ri =0.45 

V 

V ri 




From chart, p r “ 2, hence p - 101 atm. 

Use of the Pitzer ascentric factor would require a trial and error solution. 


14.3 


Volume = 50 ft 3 


Basis: 3 lb mol of gas at 252°C and 463 psia. 


R _ (latm)(359ft>) 15 (atm)(ft 3 ) 

(I Ib mol) (273 K) ' (Ih mo!)(K) 


463 psia 
psia 
atm „ 


14,7 


(50 ft 3 ) 


= 0.76 


(3 lb mol)[ 1.315-—1(273 + 252°C) 
l, (lh mol)(K )J 

The Pitzer ascentric factor is not as convenient to use as the compressibility charts. 
From compressibility charts (see the CD for belter precision) 

z = 0 .76 IV-fg-HB 


Pr = 0.7 


(continued) 
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Thus 

463psia 
Pc 

p c 5 1661 psia] (45.0 atm) 


14.4 


T c = 1025°R 


Pr ~ 


27 

24.6 


1.10 


Basis: 1 Ibn-octane 
p c - 24.6 atm MW ■ 114 


To get the temperature of the gas 


1 lb 

1 lb mol 

359ft 3 SC 

1 atm 

T K 

z 


1141b 


27 atm 

273 K. 



Tz - 845 zT r = 845/1025 = 0.825 
From the compressibility Chart Fig. 14.4b (expanded in the CD) 
readT,= 1.16, so that T = (1.16X1025)- Im89‘R| (729°F) 
Alternate solution: Calculate z = 0.71 and use pV = znRT. 


Solutions Chapter 14 


14.5 

Basis: 50 lb CCh (50/44) * 1.138 lb mol C0 2 
V = 5.0ft 3 p= 1600+ 14.7= 1614.7 psia 

Pc =1070 psia T c = 547.5°R 

16147 v--^-=4.40ft 3 /lbmoi 

* 1070 1.138 

V, = 5.50 ftVlb mol so that V = — = 0.800 
d " 5.50 

T r from Figure 14.4b is (expanded in the CD) is 1.44 
T = n.44»S47.5)= f788 e R] (328°F) 

The Pitzer ascentric factor is less convenient to use for this problem. 


14.6 


MW CH4= 16.03 


10 kg 

1 kg mol 


16.03 kg 


Basis: lOkgCH* 
= 0.624 kg mol 


T c = 305.4K and p c = 4883 kPa 

V = 0.0250 m 3 p= 14,000 kPa gauge — 14,015 kPa absolute 
14,015 


Pr=‘ 


4883 


= 2.87 


(continued) 
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RT C _ (8314)(305.4) 
p c 4883 


- 0.520 mVkg mol 


0.0250 

0.520 


= 0.048 


From the compressibility chart, T r = 1,05 hence T = (1,05)(305,4) - [32 Tk| 


14.7 


Basis: 1ft 3 CH 4 


pV = nRTz p = 214.7 psia 

R= 10.73(psia)(ft 3 ) 

(lb mol)fR) 

T c = 191°K - 344°R p c « 45.79 atm - 672.9 psia 
214 3 

T r - 540/344 = 1.57 p r = —— = 1.0 

214.7 

z = 0.975 


n 


(214.3)0) 

(J 0.73X540)(0.975) 


= 0.038 lb mol 


weight (mass) = (0.038) (16.03) = 10.608 lb I 


By use of the Pitzer ascentric factor (o> = 0.008 for CH4) 
z = z° + z 1 w - 0.976 + 0.024 (0.008) = 0.976 


1 
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14.8 


For C0 2 : 


Basis: 25L of C0 2 at 25°C and 200 kPa 
p c -7385 kPa 
T c = 304.2 K 


-S- = 200 kPa =0,0271 


Pc 


7385 kPa 


T . (2S + 273)K 
r T, 304.2" K 


From the compressibility chart, at these coordinates, z s 0.99 
pV = nzRT 


200 kPa 

1 atm 

25L 

(g moI)(K.) 




101.3 kPa 


0.082Q6(L)(atm) 

298 K 

0.99 


- 2.04 g mol 

m = (2.04) (44) = 87.9 g or 10.0879 kg| 


14.9 

Basis: 106 ft 3 at 60°F and 14.7 psia 
p r V, = z f n r R r T r at the reservoir 

pV = znRT at SC 

T = X = 120 + 460 _ 58° a 1 69 

r T c 191(1.8) 344 


(continued) 
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— s 
Pc 

Zf = 0.95 


1000 


(45.79)(14,7) 


1000 

674 


■1.48 




14.10 

Basis: 1 kg propane 

For propane: T c = 370 K p c - 4255 kPa 

and R * 0.18855 (kPa)(m 3 )/(kg)(K) 

T 230 + 273 2 

Reduced temperature = T = — --— = 1.36 

r T c 370 

_ , p 6000 

Reduced pressure ® p P = — ~ -- 1.408 

P c 4255 

From a generalized compressibility chart 
atpr- 1.408 and T r = 1.36, z « 0.80 

* zRT 

Since pV = znRT, V= — 

P 


(0.80X0.18855)(503.2) _ 
(6000) 


0.0127 mVkg 



14.12 


Basis: 1 gmol C 6 H 5 C1 (MW =112.56) 

p c = 4518 kPa T c = 632.4 K 

380 


p f =—= 0.051 
* 4518 


T f =^- = 0.601 
f 632.4 


These values fall below the gaseous region in the compressibility chart here CffisCl is 
not a gas. It is a liquid (sp.gr = 1 . 107), so that the volume is (1)(112.56)/ 1 . 1 07 = 


[l02 cm 3 1 


14.13 Basis: Data on gases cited in problem. 

a. The cubic feet associated with “165 ft 3 ” and “240 ft 3 ” probably means that the 
values are the respective volumes of an ideal gas at standard conditions, because the 
volumes calculated for the gases in part b. below are quite different than the stated 
values. _*___ (continued) 
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b, To find the amount of gas in the cylinder, first find the approximate volume in the 
cylinder. 

_ a , d i h . (3.14)(9) ; (S2) ■ , 

01 4 (4X1728) 

Use the gas law as ratios: 


p 2 V 2 _ z 2 RT, 
PiV, ZjRT, 


V 2 



ForCiH i: 

T c = 283 K, p c - 50.5 atm 
Assume T, 80°F - 540°R - 300 C K 


300 

283 


= 1.06 


1515 

Pf; (14.7)(50.5) 


= 2.05 


z, = 0.35 


(At standard conditions: h- 1.00) 

v ,. 0 . 9l4) fM¥-LYfS].5 14 tf 

2 V \ 14.7 A 0.35 A 540 J 


For CH 4 : 


Tc = 191 K,p t - = 45.8 atm 


X 


300 

191 


= 1.57 


2015 

P ‘ Q4.7X45.8) 


= 2.98 


Solutions Chapter 14 


Z 2 = 0.84 



( 2015\ 

f l > 

\(492\ _ 3 

V, =(1914) —— 

— 

hrr “ 285 ft 

5 \ 14.7 J' 

0 

bo 

■P- 

l l540j 

MW of C 2 H. = 28 


MW of CH 4 = 16 

wt of C 2 H 4 = ^112 


28 = 40.1 


(359) 


wl of CH< - ^2 


16 =12.7 


(359) 


Therefore 

H, >Wt CH, ' 


c. ForC? Ha: 

pV = znRT = z-5^RT 
1 MW 

pV(MW) (1SI5X191)(28) 
m zRT " (0.35X10.73X590) 


= |40 lb C.H^ 


For CH. : 


(2015X1.91X16) 

(0.84)(l 0.73X540) 


- 112.7 lb CH, | 


Check with cylinder: 
163-90 = 123 lb cylinder 


105-9.3 = 135 lb cylinder 
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14.14 


The answer is it depends on the gas temperature and the pressure, tf pV = znRT applies, 
the ideal gas law is represented by z - 1 , and for a non-ideal gas, z can be greater or less 

than 1. The pressure is p - . So p refl j = pj^i 2 , for fixed V and for a fixed number 

of moles and temperature (the volume of cylinder is fixed). The pressure prediction by 
the ideal gas law will be conservative (higher than the true pressure) for z < I, and lower 
than the true pressure for z > 1 . 


14.15 


a) p I V 1 = z,n,RT R = constant 

PjjVj = z^RTj Vj = constant, the vol. of cylinder 

£l = 3£l t c = 133.0 K. 

Pi Z 2»2 

T ' = = 24 ^ 273 = 224 Pc = 345 atm 

_ 2000psig-t-14.7 ]_ 

^ 14.7psig/atm (34.5 atm 

Pt 2 * 3.80 

z ( = 1.0] 

z - \ oj lc * ea ^ S 88 ^ e ^ av ^ or 
p 2 i.n 2 JU.0j n. 
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pV 14.7 psial 17SR 3 . 

nco= tri^irl— =a447 ,brao1 


10.73 


(PS'# 3 ) 

(lbmolX'R) 


V .. . 

V cylinder “ 


0.447 lb moll 

10.73(psia)(ft r 

536°R 

2014.7psia | 

(lbmolX°R) 



■ = 1.276 


n final,CO : 


RT 


1924.7 psia 

1.276 ft 3 

I0TJ (p sia X ft3 ) 

536°R 

(lb molX°R) 



= 0.427 lb mol 


n C o, lost = (0.447 - 0.427)lb mol s 0.020 lb mol 

„ 0.020 ib mol| 

rate of loss 25 -- 


.. pV 14, 

b) n,( t =z- = — 


1 - 

a i cr >.. i fl-* ^ tllol 

] 48 hr 

hr 


RT 536.0°R 


1600 ft 3 


10.73 


(psia)(ft } ) 


= 4.09 lb mol air 


(lb molX’R) 

100 ppm = 100 (l0^)[4.09 lb mol) = 4.09 x 1 O' 4 lb mol 


4.09 x 10^ 

t =- - - 7- 0.982 hr 


4.167 x 10 


,^> lb mol 
hr 


(continued) 
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4.167 x 10" 

67 _ rt fj 77 Q IU mf> l 

c) t — 67 nr itfQ 

U'XjA/y iu iiiui 

„ 0.0279 lb mol_|, lb mol 

C ““ 1600 ft 1 i 75 1 ° ft’ 

d) The CO alarms would go on to alert people in the building. 


14.16 


a) The density of the gas must be 2.0 g/m 3 . MW is Si is 28.086 so 

V = (2/28.086) 0.0712 g mol/cm 3 . Let T - 298K. Also z = 1 at T r = 1.98 
and V rs very large. 


p = - 


zRT 1 


8.314(P a )(m’j If 100cm V |Z2L!i = 2 . 48 x 1 Q’ Pa 


(gmol)(K) t lm ) 


b) For a lower pressure, use a less dense gas (lower MW). 

c) At too high a temperature, you cannot get adequate density. 


14.17 


Basis: 240 ft 3 methane at 80°F and 1964.7 psia. Assume the number of moles does not 
change. 


PiVj _ PRTiZj, 
p 2 V 2 nRT 2 z 2 


Solutions Chapter 14 


p 2 TjZj 


T -IiMi 

Z 2 P 1 


Calculation of z, 


Methane s. T c = 190.7K p c = 45.8 atm 


T, =80°F => 299.82K 


_ 299.82K __ , 572 
'' 190.7K 


p, = 133-7 31m = 2.919 

45.8 atm 

j 

/.z, =0.83 


Calculation of z-> 


p, =(1950 psig+14.7 psia)( at ^f 4 7 ps j a )= 133.7 atm 


p 2 =(3000 psig+14.7 psia)( a 'Tl 4.7 psia)* 205 08 atm 


205.08 atm A Ano 

p _-= 4.478 

Hl 45.8 atm 


V = 240ft 3 (2.832x 10' 2 m 3 /l ft 3 )(j00cm 3 /l m 3 ) 


= 6.797 xl0 f ’ cm 3 

(continued) 





























Solutions Chapter 14 


RT 82.06(cm 3 )atm)/(g tnol)(K))l90.7K) 

^ c ‘ p c 45.8 atm 

= 341.68——* 
gmol 

Pl V, (45.8atra)(6.797xI0 6 cm 3 ) 

” = z, RT, " (299.82KX82.06X0.83) 


«15244.5 g mol 


.\V = 


V 

n 


6.797xI 0 6 cm 3 cm 3 

- 7 = 445.87-- 

15244.5 g mol gmol 


•••V, 


445.87 

341.68 


= 1.305 


:.Zi =1.06 

„ T,z,p, 540^(0.83X3014.7 psia) 
2 ~ z 2 Pj ■ 1.06(1964.7 psia) 


T 2 -649°R 


(189°F) 


14.18 


Use pV - znRT p c - 37.2 atm, T c = 132.5K 
@state2 Pr = ^7 = 3.84 T r = 7™2.26 
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\4i Q 973” 

} slate 3 Pr=-§f = 3.84 T r =-^.=7.34 


132.5 


z 2 s 0.99 
z 3 = 1.05 

n 2 973 (1.05) 

If you use the Pitzer ascentric factor, cd for air is about 0.036 
z = z° + z'w 

z 2 - 0.999 + 0.22 (0.036) = 1 .00 
zj — 1.05 + 0.03 (0.036)- 1.05 


14.19 

Basis: Gas at 50 atm and 600°R 

From the compressibility charts: 

50 
14.3 

z - 0.58 


50 7 C 

Pf = -f3T 3-5 


600 

T —-- 1 2 

f 40.0 + 460 


„ 100,000 std ft 3 

1 lb mol |359(0.58)actft 3 |(' 1 ' 

Q= hr 

359 std ft 3 ! lib mol |^50 

or use pV ~ znRT twice 



(continued) 
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zi = 0.910 + (-0.023X0.085) =0.91 
z 2 = 0.37 + (0.1059)(0.085) = 0.38 


W 2 - W t - 28 lb n 2 - ni = 28/28 = I 


Material balance 

W 1 + W c = 222 
W 2 + W c = 250 

Solve (l) and (II) to yield nj = 0.089 

and n 2 = 1.089 

a. Mass of gas initially = (0.089) (28) = 2.49 lb 
(28 lb) (S0.4 l/lb) = |$11.48 billing| 


( 11 ) 


b. 


Wt. of cylinder = (222 - 2.49) lb = 1219.5 lb I 


Y _ n i z iRT _ 0.089 


Pi 


0.9 




214.71 


14.21 


Basis: 33.6 lb gas 


T-180°F (640°R)P = 
2400+ 14.7 = 2415 psia 


pV = znR 


Basis: 100 mol gas 


(continued) 
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mol 

mol.wt 


co 2 

10 

44 

■440 

CH4 

40 

16 

640 

C 2 H 4 

100 

_50 

28 

2560 

1400 

33.6 

1.35 lb mol 


lb 


2480 

100 


T 0 ' - 0.10 (304.2) + 0.40 (190.7) + 0.50 (283.1) - 248.25 K 
Pc' = 0.10 (72,9) + 0.40 (45.8) + 0.50 (50.5) = 50.86 atm 
2415 


p r =4- = 


t;=^= 


p c (50.86X14.7) 
640 


T c (248.25X1.8) 
From Fig. in text, z s .75 

V = - 


= 3.23 

= 1,43 


0.75 

[l .35 lb mol 

10.73(psia)(ft 3 ' 

640°R| 

[ 



(IbmolX°R) 

1 

2415 psia 


P 

2.88 ft 3 at 180 °F, 2415 psia of gas is cylinder volume | 
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14.22 


0.20 EtOH 
080 C0 2 
1.00 


T « 500K 
V = 180 cm 3 /g mol 

P-7 


Basis: gas as above 

pc' = (0.20) (63.0) + (0.80) (72.9) = 70.92 atm 
T c ' = (0.20) (516.3) + (0,80) (304.2) = 346.6 K. 


Pr- 


• p c 70.92 


T ^J2L-i44 

Tf 346.6 L44 


(1 atmX22.4 L) 1 

llOOOcm 3 

I 346.6 K 

(273 KXl gmol)| 

1 L | 

170.92 atm 




From the compressibility chart, p r z 2.5 , p ~ |177 atml 
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14.23 


Basis: 540 kg gas @ 393 K, 3500 kPa absolute 


Component 

kg 

kn mol 

mole fraction 

Pr_atm 

I e JC 

CH 4 

100 

6.25 

0.321 

45.8 

191 

c 2 h 6 

240 

8.00 

0.412 

48.2 

305 

C 3 H 8 

150 

3.41 

0.175 

42.1 

370 

n 2 

50 

1.79 

0.092 

33.5 

126 

Total 

540 

19.45 

1.000 




T c ' = (0.321) (191) + (0.412) (305) + (0.175) (370) + (0.092) (126) =262.8 K 


p c ' = (0.321) (45.8)+(0.412) (48.2)+(0.175) (42.1)+(0.092) (33.5) = 44.96 atm 


V 


3.93 

262.8 


1.50 


, _ 350011 atm 
pT _ 447961101.3 


= 0.77 


From Nelson and Obert Chart, t ~ 0.935 


MW (average) ® 540/19.45 =27.8 kg/kg mol 


3500 kPa 



27.8 kg 

I (K.) (kg mol) 


393 K 

0.935 

kg mol 

18.31 (kPa)(m 3 ) 


31.9kg 

m 3 al 393 K and 3500 kPa 
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14.24 


Use Kay's Method 
Pc = ^- n iPcj; Tc' = EnjTq 


Component 

n 

Ec 

QP-c 

Ic 

flic 

C 2 H 4 

0.57 

50.5 

28.8 

283 

61.2 

A 

0.40 

48.0 

19.2 

150.7 

60.2 

He 

0.03 

10.26 

0.308 

13.19 

0.395 



^njpcj= 

48.31 

In,T 

221.8 

, 120 

Pr ~ 48.3 

2.49 

= 298__ 

U 222 

z = 0.70 



v = (0.70X 8 2.05X29 8 ) = | 1428cm 3 /gmo , 


%diff = ( 142 ^ 0 ' 4 ° ) 100 = 1100%) 
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14.25 


Basis: 30ft 3 mixture of 100 atm and 300 C F 


Comp 

C 2 H 4 
A 


t; = t/t; 


Mol, frac 

0.60 

0,40 

760 

' (230.2X1.8) 


283 

150.7 


50.5 

48 


1 1.835 


li 

170 

60.2 

230.2 


30.3 

19.2 

49.5 


, p 100 

£ ‘3m- 102 

z=0.95 

Avg. Mol. wt. = (0.60)(28) + (0.40)(40) = 32.8 Ib/lb mol 
pV-znRT 

pv__ (100X14.7)(3Q0) 
zRT (0.9S)(10.71)(760) 5701bmo1 

Assume capacities are given at storage conditions. Then type IA is selected because it is 
the cheapest. 

Number of tanks required = ffl.0)(32.8) = ggj 
62 
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14.26 

Steps 2.3. and 4 : 

Assume a continuous process although a batch process would be acceptable and give the 
same results. 


F = ? 


m ol fr. 
0.20 C 2 H 4 
0.80 N? 
1.00 


Mixer 


P = ? 


mol fr. MW 

C 2 H 4 0.50 28 

N 2 JO JS 28 

1.00 


G 100% C 2 H 4 @ 1450 psig and 70°F 
Step 5 : Basis: G at given conditions 
Steps 6 and 7 : 


Unknowns: F, P 

Balances: C 2 H 0 N,, {or total) 

Steps 8 and 9 : 

Calculate G: 

T r = 2^460 , ,.044 
508.3 

1450+ 14.7 


degrees of freedom = 0 


Pr ~ 


735 


1.992 


z = 0.34 


V- (359)(n)(14.7)(530)(0.34) _ (2640) 


(I465)(492) 


(1728) 


(continued) 
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(2640X1465X492) 

(1728)(359)(14.7)(530)(0.34) 


= 1.157 lb mol 


Balances : 

C 2 H< F(0.20) + 1.157 = P(0.50) 

Total F + 1.157 = P 

F = 1.928 lb mol P - 3.085 lb mol 


14.27 

Step 5 : Basis: 1 hr. 

Steps 2.3. and 4 : Steady state, open system 


liquid 

30,000 - F(kg) 


mas s ft . 

Bz 0.50 
Tot 0.30 
Xy JJ0 

100 PM 



moiejr 

MW 

kg 

Bz 

0.912 

78.11 

71.24 

Tol 

0.072 

92.13 

6.63 

xy 

0.016 

1.000 

mis 

U9 

79.57 


liquid 

P 3 <kg) 


liquid 

?2 = 9,800 (kg) 


mass fr. 


0,895 


0,084 

m Tot 

0.021 

IBXv 

LOO 

I = 9,800 


Separator 


Convert F to moles and then to mass: 


massfr. 
Bz 0.06 
Tol 0.09 
Xy JK85 
LOO 


massjr. 
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Basis: 100kg = 

F 




Component 

hi 

MW 

kg mol 

mol fr. 

im 

Pr(atro) 

Bz 

50 

78.11 

0.640 

0.592 

562.6 

48.6 

Tol 

30 

92.13 

0.324 

0.299 

593.9 

40.3 

Xy 

2 Q 

106.16 

0.118 

0.109 

619 

34.6 


100 


1.082 

1.000 




Calculate the kg of F; get z: 

T' = 562.6 (0.592) + 593.9 (0.299) + 619 (0.109) = 578.1 
p' =48.6 (0.592) + 40.3 (0.299) + 34.6 (0.109) = 44.6 

Tr =-*™U.05 p -2SUSE.0.60 

r 578. IK 44.6 atm 

z = 0.80 

Together mass of feed: 


„=-!* 

zRT 


- 324.7 kg mol 

F = (324.7) (100)/(1.082) = 30,017 kg, say 30,000 kg 
The material balances are in kg. 

Step 6 : Unknowns: P p P J? m Bi , m T(>h m Xy 


26.8 atm 

483 m 3 


101.3 kPa 

(kg mol) (K) 




0.80 

1 atm 

8.314(kPa)(m 1 ) 

607 K 


(continued) 
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Step 7: 

Balances: 

Bz 

Tol ^ = 

2 

Xy 

Snij =9,800 

SteD 8: 

The balances in kg are (only 3 are independent mass balances) 

(1) Bz 

30,000 (0.50) - Pj (0.895) + m Bz + P, (0,06) 

(2) Tol: 

30,000 (0.30) - P, (0.084) + m Tol + P, (0.09) 

0) Xy: 

30,000 (0.20) - P, (0.021) + m Xy + P 3 (0.85) 


(4) Total 30,000 = P] + 9,800 + P 3 


(5) 

m Bz + m Tol + m Xy = 9800 

(6) 

m Bt = 1.5m Xy 
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Steo 9: 

Solution: Using (1), (2), (3), (5), and (6) via Polymath 

kg mass ft. 

Pj «■ 5500 kg/hr 

ma z = 1518 

0.156' 


Pi = 14,700 kg/hr 

m, 0 | - 7270 

0.745 



my y -1012 

0.103! 



9800 

1.00 
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15.1 

\ .a Immediate but approximate 

2. e Exact but requires access to a handbook 

3. b Good accuracy, needs calculation of z 

4. c Good accuracy, more complicated calculation than b even in a program 

with a data base 

5. e May require a long search to filter out a good value 

For other answers, look at the answer to PI 5.1. 


15.2 

Will get the most accurate value, and be quick, assuming you have the handbook that 
contains the required data. For other answers, look at the answer to PI5.1, 


15.3 

Some valid answers are 

(I.) continuous analytical functions, and these functions can be differentiated 
and integrated 

(2) higher accuracy (with complex equations) 


15.4 


z=i+| + 


j£L 

v 2 


JL 

v 3 


pv 

The results for = z are shown in the Excel table below. You can decide how much 
accuracy is needed. 
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% difference 


PfettB) 

4 terms 

2 terms 

1 term 

2 from 4 

1 from 

0 

1.00 

1.00 

1.00 

0 

0 

10 

0.95 

0.95 

1.00 

0 

-4.9 

50 

0.88 

0.88 

1.00 

0 

-13.3 

100 

0.77 

0.76 

1.00 

'0.8 

-29.8 

200 

0.80 

0.79 

1.00 

1.6 

-25.1 

500 

0.90 

0.90 

1.00 

0 

-10.7 

1000 

0.95 

0.95 

1.00 

0 

-3.6 

5000 

0.99 

0.99 

1.00 

0 

-1.1 


15.5 


a. RK Equation: 


460 kg CO, 

1 kg mo! 


44 kg 


Basis: 460kgCC>2 

= 10.455 kg mol CO, 


T c = 304.2K, p c = 7385 kPa 
a = 6458 (kPa) (m 6 ) (K oi )/(kg mol) 2 


b = 0.0297 mVkg mol 


R = 8.314 


(kPa)(m 3 ) 

(kg molXK.) 


n 10.455 kg mol kg mol 

(8.314)(290) _6458_ 

0.995 - 0.0297 0.995(0.995 + 0.0297)(290) ,/: 


(continued) 
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Solutions Chapter 15 


= |2.t26xl0 3 kPal 
b. SRK Equation: 

Data as above: T/T c = 290/304.2 * 0.953 

, 0,42748(8.314) 2 (304.2) 2 ..„ w _ 

a = - - = 379.2(fcPa)(m* «kg mo!) ! 


0.08664(8.314)(304.2) 

7358x10’ 


: 0.0297 m J /kg mot 


_ (8.314)(290) (379.2X1-040) 

P 0.995-0.0297 0.995(0.995 + 0.0297) 

k = 0.480+(1.574X0.225) - 0.! 76(0.225) 2 = 0.843 

X = [1 + 0.843(1 - 0.953* )] 2 = 1.040 

p = 2.UlxlO i kPa No significant difference. 


15.6 


a ^ (atm feJ 

b =$■ L/g mol 
a=> dimensionless 


15.7 

Redlich-Kwong 

RT _ a 

P (V - b) ~ T' ,! V(V+b) 

a - 86,870 psia (°R) J (ft 3 /lb mol) 
b = 0.3536 ft 3 /ib mol 
n = -~§- - 1.997 lb mol 


• V 6.7 , 

V =— = 77^; = 3-355 ft 3 /lb mol 
n 1.997 

Solving, p — 1335 psia 

Therefore, the reading on the pressure gauge is incorrect. 


15.8 

Basis: 100 ft 3 of NH 3 at 20 atm and 400°F 
Part t. Calculate the moles of NH?: 

Data: 

T c - 405.3 K -> 729.5°R 

P c - 111.3 atm —► 1636 psia 

©= 0.250 400°F — 860°R 

R = 10.73 (psia) (ft 5 ) / (lb mol) (°R) 20 aim=293.9 psia 

T,= T/T.= 860/729.5 = 1.179 

__ (continued) 
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RT aa ! 

P 'v-b V(V + b)+b(V-b) 


15.9 

Basis: CO 2 at 81 psig and 25°C 

a = (l + K(l-T r 1 ' 2 )]-’=0.9890 


Pressure in can (81.0 psig + 14.7 psia) (1 atm/14.7 psia) *= 6.51 atm 

K = 0.37464+ 1.54226co-0.26992 <o 2 =0.1276 


Temperature 25°C => 298.15K T c = 304.2 K 

3 = 0.45724(^311 = 17,124 


V = 7i(4.05 cm) 2 (17,Q cm) = 876 cm 3 ^_ 72 9 a t m 

V Pc / 


n = ? C 0 2 ( 0 ^ o.225 

b = 0.077801^3-j = 0.3722 


MW= 84.00 MW =44.01 

C 6 H 8 0 7 + NaHC0 3 C0 2 + H 2 0 + NaC 6 H 70 7 

From Polymath: 


Using Peng-Robinson equation 

V = 29.9 ft 3 /lb mol 


n 3 (baa- b 2 RT- b 3 p)- n 2 (V)(aa - 2bRT -3b 2 p)- n(V 2 ^[bp - RT)- V 3 p = 0 

— = 3.34!bmolNH--+56.81bNH 5 

29.9 i 


Equations 

! 

f(n)= n 3 q - n 2 (VXz)- n(v 2 )bp-RT)- V 3 p = 0 

Part II: Calculate the final pressure 


q = baa-b 2 RT- b’p 

c 

Final V = ——-= 1.497 ftVlb mol 

3.34 )b mol 


z = aa -2bRT-2b 2 p 

350°F —> 810°R 


a = 0.45724| j = 3.908 x 10" 



l P. ) 

Introduce V into the PR equation. From Polymath 


b = 0.07780(RT C / p c ) = 26.64 x r = 298.15/304.2 = 0.980 

(10.73)(810) 17,124(0.984) 

P ~ 1.497-0.3722 1.497(1.497 + 0.3722)+ 0.3722(1.497 - 0.3722) 


(T r ) 1 ' 2 =0.990 

o = [i + k(1-(T/T < )’' 2 ] 2 =1.007 

= [2462 psia | 


it = 0.37464 + 1.54226® - 0.26992a 2 = 0.7080 (continued) 
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R = 82.06 (cm 3 )(atm)(g mol)(K) The ideal gas law gives 0.233 mol CO 2 

T = 298.18K 
p = 6.51 atm 

Introduce the values into the PR equation to get n = 0.2420 mol C0 2 


0.2420 mol CO, 

1 mo! NaHCO, 

84.00 g NaHCOj 


1 mol CO, 

1 mol Na HCOj 


= [20.3 gNaHCO^] 


15.10 


Basis: ! min 
(O 

co 2 - 

2000 m 3 /rain " 

20°C 
500 kPa 


( 2 ) 

C0 2 


U0°C 
4800 kPa 


Calculate the moles entering the compressor: 


500 
■ 101.3 


atm 


72.9 atm 


* 0.068 


t _ (20 + 273)K 
" 304.2 K 


0.96 


4800 

= J0L3 


atm 


72.9 atm 


= 0.650 


T - P 10 + 273)K _ 
r ’ 304.2 K 


a = 3.6xi0 6 atm 



= 364.68 



—1 
kg mol ) 


i 
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b = 42.8 - 0.0428 , R = 8,314 

g mol kg mol (kg mol)(K) 


Use Van der Waals’ equation: 
[p + ^rj(V-nb)-nRT 


As the initial guess for the number of moles in State I use the ideal gas law 


n - P.V, _ (500X2000) 
1 RT, (8.314X293) 


= 410.5 kg mol 


The number of moles at condition ( 1 ) is obtained from 
( 5 °° + ' "'2MO- 68> ) (200Q ~ 0,0428 n,) e < 8 - 314 X293)n, 


From Polymath (on the CD) 
ni - [420 Kg mol| 

Calculate the m 3 exiting the compressor : 

Insert into Vander Waals’ equation new parameters: 
p = 4800 kPa T = 383 K n« 420 kg mol 
Solve for V 


V = 1246 m ! at 383K and 4800 kpj 
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15.11 

Pabs = Pg + barometric pressure T - 273 - 50 = 223 K 
Pabs = 39 + 1 - 40 atm 
Basis: 1 g mol H 2 

H? Coefficients _a_ 

Van der Waals 
Redlich-Kwong 
Computer results 


0.246 x 10 *(atm)(cm)V(g mol ) 2 26.6(cm)Vg moi 

1.439xl0 6 (atmXK I/ 2 Kcm)V(g mol ) 2 18.5(cm)Vg mol 


Van der Waals: 
Redlich-Kwong 


471.78 cmVgmol 
471.26 cm 3 /g mol 


5L 

1000 cm 3 

1 emol 


L 

471.78 cm 


■ " 110.60 g mol(van der Waals)| 


5 (1000)/47L26 = [10.61 g mol (Redlic¥~ Kwong)| 


15.12 

For propane: T c - 369.9K, p t = 42.0 atm, to = 0,152 
K ^ 0.37464 +1.5422(0.152) - 0.26992(0.132)* = 0.60283 


Solutions Chapter 15 


a * [1 + 0.60283(1 -1.00686)} 7 - 0.992 

Propane Coefficients _a- -b- 

RK 180.5 x 10* (atmXK ia Xcm 6 )/(g mol ) 2 62.7 cmVg mol 

PR 10.04xi0 6 (atm)(cm 6 )/(g mol ) 2 56.3 cm 3 /g mol 


Redlich-Kwong: 1193.14 cm 3 /g mol 
Peng-Robinson: 1168.91 cm'Vg mol 


Determine the volume at condition of state 2 (383 K, 4800 kPa) 
^4800+ ( 419 - 9 )^ 364 ’ 68 ) j(v 2 -(0.0428)(419.9)) = (419,9)(S.314)(383) 


[v - 246 m 3 | at state 2 


15.13 

For C0 2 , (a * 0.225 and T c = 304.2 K, p c * 72.9 atm 
a = 62.75 x 10* (atm)(K I/2 )(cm ft )/(g mol ) 2 
b = 29.9 cm 3 /g mol 


Computer results; 


Redlich-Kwong = 1559.6 cm 3 /g moI| 


! 


(continued) 
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The experimental molar volume -- - 1562.5 cm 3 /g mol 

4 g mol - 


■ 


15.14 

For CO 2 , <d= 0.225 and T C = 304,K;, p c - 72.9 atm or 7385 kPa 

R = 8.314 (kPa) (m 3 )/(kg mol) (K) 
a = 6458 (kPa) (m 6 ) (K° VOcg mol) 2 
b - 0.0297 m 3 /(kg mol) 

12Q0= (8.314X290) _ 6458 

(V- 2.97 x 10 2 ) ~ V( V+2.97 x 10' 2 )(290) ,/2 

V = 1.876 mVkg mol from Polymath 

V 10.4 


V 1.876 


= 5.54 kg mol 


5.54 kg mol 

48 kg 

n co. 

1 kg mol 

15.15 


nRT 

n 2 a 

P “ V-nb~ 

"v 2 

( nRT )( V : 

a = i u- 

v V- 

nbA n 2 


= |266kgCO,| 


T = 492.0^ 


R » 0.7302 


(ft^atm) 

(lb molX'R) 


Basis: 1.0 lb mol 
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1.0 lb mol 0.7302 


200 atm * 


(ft 3 y at m) 


(lb molX°R) 


492.0‘>R 


(1.806 ft 3 -(1.0 lb mol)b) 


200 = 


-0.2891 a 


359.3(ft 3 )atm) 
(l.860ft 3 -b) 

similarly 

359.3(ft 3 Yatm) 

1000 = ^ f -1.82a 

(0.741 ft 3 -b J 

-(—-s^sX-Eb) 


200-^as-.uu - 7707 


359.3 

0.741- 


41.20 


(1.860 -b) 

359.3 _ 

* (1.860 ~b) (0.741-b) 


(0.741 — b) 
57.07 


b = 0.4808- 


ft 3 

~ lb mol 




(l.Olbmol^a 

(l.86ft 3 ^ 
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15.16 

a. Solution by compressibility factor method : 

Basis: 80 lb water at 900°K 


10 ft 3 1 181b 

IcnrVgmol 

80 lb S) lb mo! 

0.016 ft J /lb mol 


140.8 cmVg mol 


T c = 647.4K; 


p c = 218.3 atm from Appendix D1 (217.6 atm for the CD) 


Rj; = 82.06(cm-)(atm)l647.4K =243cmV ] 

Pc (*K)(g mol) 1218.3 atm 


V 140,8 


900 


V' = — --- - 0.579; T = — =-- 1.39 

J V 243 T 647.4 


From the compressibility charts, p r = 1.9 

P = P,P< - (1.9X218-3) = |415 atml 

b. solution using the Redlich-Kwong equation of state : 

RT a R 2 T c 2S 

P = — - -— where a = 0.4278 -— 

(V-b) T V(V^-b) P t 

RT 

b = 0.0867 

P< 


0.4278 

82.06 (cml)(a,m) ’ 

? 

(647.4 K)" 5 


(KXg mol) 



218.3 atm 


1.407x10® 


(cm 3 ) 2 (alm)(K.)''~ 
(g mol) 
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0.0867 


82.06(cm 3 )(atm)l 647.4 K ^ cm 7 


(KXg mol) 1218.3 atm g mol 


1.407x10 s 


(82.06)(900) 

1 (140.8 -21.1) (9G0) 1 ' 2 (140.8)040.8 + 21.1) 


= (617-206) atm 


= [411 atml 


15.17 

For ethane: T c = 516.3 and p c “ 63.0 atm 
a. Use Van der Waals’ equation. 

Basis: Ethane at I00°F and 2000 psig (MW = 30) 
p = 2014.7 psia V= 1.0ft 3 T = 560°R 


i=f 5.50x10® atmf —■ 1 1/3 


mol ) 1' 

> = f65.1-^L_ 

j(l.60xl0' 2 )=l 

V gmol 

-£)(f 

bj = RT 


■j+n(pb + RT) 


ft- 


1b mol 


n J - 0.962n 2 + 0.376n - 0.0936 = 0 
Iterate to find value of n. 

Use Excel to solve this cubic equation to obtain a positive, real answer. 


(continued) 
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n * 0.594 lb mol or |17.8 lb ethane] 
b. Use the compressibility factor method. 

p c T c p r T r z from the compressibility charts 

549°R 2.84 1.02 0.43 


l(ft) 3 ]2014.7 psia 
mass = 1 --— 


560'R 0.43 


CRXlbrnoD IjQjb, 
n 1 . nJ 


10,73(psia)(ft) J | mol 


15.18 

a. Van der Waals equation 


f 27 ^ R ! T t 

“UJ p. 


*■6)? 


Methane 

Propane 

Methane: 


T c = 190.7K p c -45.8 atm 
T c = 369.9K p c = 42.0 atm 


190.7 . _ 369.9 _ ot 

--4.16 Propane: --8.81 

45.8 42.0 


Propane will be higher 
for both coefficients 


SBJLeqii ati oq: 

, 0.42748 R’T. 

a =- 

Pc 


0.08664 RT C 
Pc 
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Answer is same as for (a); propane 
will be higher for both coefficients 







15.19 

Steps 2.3. and 4 : 

System: Mixer plus engine, open, steady state 


ioo%-^ 

On 

100 %_ 

A Airj 100%xs 


mcUr- 

Component 

°A 

o 2 0.21 

o 2 

9.89 

N 2 OJg 

n 2 

74.41 

1.00 

CO 2 

5.65 


CO 

0.63 


HP 

9.42 

100.00 


Mix 


Engine 


2593 m 3 at SC/hr 


Step ,5 : Basis: 1 hr s 2593m 3 at SC 
259 

■ — = 115.68 kg mol in P 
22.415 

Steps 6 and 7 : 

Unknowns: n C}H61 n 0} ,A| degrees of freedom = 0-1; one 

Element balances: C, N, H, O J equation is redundant if the equations are independent 


(continued) 
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C: n CjHi> (2) - 115.68(0,0565 + 0.0063) = 7.265 n C)Hi - 3.632 kg mo) 
2N: A(0.79)= 115.68(0.7441) A - 108.96 kg mol 

20: n 0f +008.96)(0.21)=n5.68^0.0989 + 0.0565 + ^~^ + ^~^j 


n 0j * 0,908 kg mol 

T = -I 8 °C = 255.6 K. V = 0.190m 3 (0.190xl0W) 

Use Van der Waals* equation : 


p = jXL-?!* a = l . 36 x|0 *SS3!SSp. _» ,.377x10’^^ 

V-nb V 2 (gmol)' (kg mol ) 2 


b = 31.9— 


g mol 


0.0319" 


kg mol 


Solution: p = 11.013x10* kPal 


Use Redlich-Kwone eouation : 


RT a 
V-b T 1/2 V(V+b) 


a= 15.65xl0 4 


(atmKK ,/5 )(cm 6 )/g mol) 2 

{g mol) 2 


b = 25.3- 


gmol 


V= 


0.190 nr 
0.9086 kg mol 


= 0.209 


nr 

kg mol 


Solution using Polymath jp = l.OlxlO 4 k?a. 
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15.20 

Assume a continuous process although a batch process would be acceptable and give the 
same results. 

Steps 2. 3. and 4 : 


F = ? 


mol fr . 

0.20 C 2 H 4 
0.80 N 2 
1.00 


Mixer 


P = ? 


mol fr. MW 

C 2 H4 0.50 28 

N 2 &50 28 

1.00 


G I 100% C 2 H< @ 1450 psig and 70°F 


Step 5 : Basis; G at given conditions 
Steps 6 and 7 : 


Unknowns: F,P 


degrees of freedom = 0 


Balances: C 2 , N 2 (or total) j 
Steps 8 and 9 : 

Calculate G: Use Van der Waals’ equation 

(atmKcm*) 

(K)(gmol) 


1465 ooo . 

p = — = 99.8 atm 
1 14.7 


R= 82.06 * 


530 

T *= —— = 294.5K 
1.8 


C2H4: 

a - 4.48 x 10 6 atm (cm 3 /g mol) 2 
b = 57.2 cnrVg mol 


N 2 : 

a= 1.347x10* 
b= 38.6 

_ (continued) 
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[ n ; {4.48xl0‘ ]r 43,262 

["• 8+ (43.262) 1 J[ n 

Start with n = 550 cm*. 

Polymath Results 

NLE Solution 


= (82.06X294.5) = 24,167 


Variable Value_fl(x)_Ini Guess 

n 756.04045 4.776E-06 550 

NLH Report (safenewtl 

Nonlinear equations 

[1] f(n) = (99.8*n+,00239*n A 3)*(43262-57,2*n)-24167*n - 0 
Settings 

Max iterations = 150 
Tolerance F = 0.0000001 
Tolerance X - 0.0000001 
Tolerance min = 0.0000001 


756gmoll lib 

[454 g 


1.665 lb mol 


Balances 

Let P be the lb mol of gas in the feed, and F be the lb mol of gas with 20% C 2 H 4 . 
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C 2 H«: F (0.20) + 1.665 = P(0.50) 

Total: F+ 1.665 «P 

(f^ 178 ibmol P = 4.40 lbrnoll 
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16.1 


1 . (1); 2.(2); 3.(3); 4.(4); 5.(3); 6.(1) 


16.2 

(a) 40°C; (b) 190°C; (c) 60°C; (d) Compound B 



(a) afcgb is the saturated curve 

(b) afe is the saturated liquid curve 

(c) cgh is the saturated vapor curve 

(d) hfa to the left is the liquid phase 

(e) hfcgb to the right is the vapor phase 

(f) afcgb below is the liquid vapor-region 

(g) c is the critical point 
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(h) hfgi is a constant temperature line 

(i) dfge is a constant pressure line 


16.4 


C<jv\star£ fctmpendurt. ( - ,Cl 

__-jp -I— (| rt» 

\Ic~- StCbu.Ctd ei- CdS<i<Lf 
/ Curwj *lfor cur^ y 


16.5 (e) 


16.6 All true 


(a) higher; (b) lower; (c) higher; (d) lower; (e) no change; (0 lower; 
(g) higher; (h) lower; (i) higher; (j) lower; (k) lower; ( 1 ) higher 


16.8 

From the p-T diagram for water you can see that raising the pressure by a large amount 
on ice at constant temperature causes the water to go from the solid phase to the liquid 
phase. 
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16.9 

The vapor pressure of methanol is less than that of gasoline so that at lower temperatures 
the fuel-to-air mixture is insufficient for combustion. 

Automotive parts can be made of alcohol tolerant materials such as stainless steel or other 
corrosion resistant materials and additives to the methanol, such as 15% gasoline, can 
help solve the problem of difficult cold-weather engine starts. 


16.10 


Appendix G (T is in 


CD (T is in °C1 


(a) Acetone at 0°C 

In (p*) = 16.6513 - 


2940.46 
T-35.93 
p*- 70.51 mm Hg 


logic (p*) = 7.2316- 


1277.03 


T +237.23 
p* - 70.55 mm Hg 


(b) Benzene at 80°F 
In (p*)= 15.9008 


(c) 


2788.51 
T-52.36 
p* = 102.73 mm Hg 

Carbon tetrachloride at 300 K 
2808.19 
T -45.99 


In (p*)= 15.8742 
p* - 123.81 


*) ~ 6.90565—— 

* T +220.79 

p*- 102.74 mm Hg 


logic (p*)-6,8941 


1219.58 


T +227.17 
p* = 122.89 mm Hg 


16.11 

Fit the Antoine Equation using the three data points to get A, B, and C. In mm Hg 


kPa 

mm He 

2.53 

18.98 

15.0 

112.54 

58.9 

441.90 
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Inf 18.98)= A- 


B 


ln(l 12.54)= A- 

ln(441.90) = A- 


C + (-40 + 273) 
B 


= 2,9434 


C+(-10+ 273) 
B 


= 4.7233 


= 6.0911 


C+(-20 + 273) 

The solution from Polymath is 
A = 16.5386 B = 2707.43 C = -33.8541 

At 40°C, In (p») = 16.538 - - — 

-33.85+ (40+273) 

p* = 939 mm Hg (125 kPa) 


16.12 

At the triple point, all the phases (solid, liquid and vapor) exist in equilibrium. Therefore, 
the vapor pressure of liquid ammonia = the vapor pressure of solid ammonia 

15.16 - 3063/T = 18.7 - 3754/T 

fT=~195lcl 


16.13 

No. it is a typo. Probably the number was 98.8°C because if you equate the pressures 
from the two equations, T = 371.75K, or 98.7°C. 
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16.14 

For benzene (p* is in mm Hg and T in K) 

ln(p*)= 15.9008 p* = 760 mm Hg ln(p*) = 6.6331 

T-52.36 

T = 353K agrees with data base on CD 
For toluene 


ln(p*)= 16.0137 ~ ^_ 3 3 67 P* = ?60 nun Hg 
T-383.7 agrees with data base on CD 


16.15 

Merge the two equations (A 1 MW = 27) 

V/ = 10' 4 = 5.83x 10 2 where p v = 


|10 


ryV2 


The solution from Polymath is 


|T= 1492K.1 
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16.16 

US (T) 

(log (TV ) 2 

DATA: 

(loe (TO 3 

V£ 

5,6101 

31.4727 

176.5329 

0.61130 

5,7038 

32.5331 

185.5619 

3.53600 

5.7991 

33,6295 

195.0204 

17.21000 

5.8861 

34.6462 

203.9313 

62.15000 

5.9402 

35.2856 

209.6027 

128.80000 

5.9915 

35.8976 

215.0795 

245.60000 

6.0403 

36.4847 

220.3767 

437.00000 

6.0868 

37.0488 

225.5079 

733.20000 

6.1527 

37.8561 

232.9186 

1454,00000 

6.2146 

38.6214 

240.0166 

2637.00000 

THE COEFFICIENTS ARE 

-1199.2548 a 


In p* = a+b In T + c(ln T) J 

+ d(ln T ) 3 

-79.0261 c 

532.2715 

b 


3.9638 d 


16.17 Based on data from the steam tables; 

State I: liquid State 3: solid 

State 2: superheated vapor State 4: saturated vapor 


State 5: liquid (saturated) 
State 6: vapor (saturated) 


You can calculate the properties of a mixture of vapor and liquid in equilibrium (for a 
single component) from the individual properties of the saturated vapor and saturated 
liquid by averaging the properties of the two saturated phases. The weights are the 
respective amounts of each phase. 
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16,18 Based on data from the steam tables: 

State /: saturated vapor State 3 two phase (saturated liquid and vapor) 

State 2: saturated liquid State 4: superheated vapor 


16.19 

All of the values of specific volume are obtained using V = x ytp0f V n|wr + with 

V data from the steam tables. 

(a) V = 0.5 (1.673) + 0.5 (0.001043) = 0.837 m 3 /kg 

(b) V = 0.5 (0.6058) + 0.5 (0.001073) = 0.303 mVkg 

(c) V = 0.3 (350.8) + 0.7 (0.01613) = 105.25 ft J /lb 

(d) V = 0.7 (1.8431) + 0.3 (0.0187) = 1.296 tf/Ib 

16.20 

(a) T; (b) F; (c) T; (d) T; (e) F; (0 T 
16.21 

Use data from the steam tables at the initial condition of p = 101.33 kPa and saturated 
water (i.e. two phases): 

V*, = 1.044 cm 3 /g and V w = 1673.0 cmVg. 

Then the mass of both phases in the container can be calculated: _ 
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m t4q =(0.03 m 3 ) (100 cm/m) 3 / 1.044 cm 3 /g = 28,376g 
- 2.97 m 3 (100 cm/m) 3 / 1673.0 cm 3 /g = 1.775 g 
m !0W - 30,511 g 

At the final conditions all of the liquid has been evaporated, and only saturated vapor will 
exist having a specific volume of: 

V,, = (3.00 tn 3 ) (100 cm/m ) 3 / 30,511 g = 98.3 cmVg 

Interpolating in the steam tables 

(212-T) ”0/(212-214) ”C - (99.09-98.3) em 3 /g/(99.09-95.28) cm 3 /g 
fT~212‘cl 

(1985.2-p) kPa/( 1985.2-2065,1) kPa = (99.09-98.3) cm ! /g/(99.09-95.28) cm 3 /g 



Ip = 2002 kPaj 

16,22 

Basis: 10 lb of water 

Specific volume; 

V = ~ = 4.975 ft J /lb 

2.01 


From the paper steam tables (in ft 3 /lb) at 80 psia: 


V liq = 0.0176 

V^, =5-476 

Mass balance 


: m L *f niy ~ 2.01 

(continued) 
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Volume balance 


10.0 = m L (0.0176) + m v (5.476) 
Mass of liquid is 
0184 lb 
Mass of vapor is 


1.8261b 

The volume of liquid is 


Vm-m^V (0.184)(0.0176) = 3.28 x 10* ft* 

The volume of vapor is 


9.997 ft 3 


Quality is: 1.826 / 2.01 ® 


0.908 


16.23 

Basis: 2.10 lb water 

Specific volume: V=(l-x) V, + xV £ 


Specific volume of water = V,= = 0.175m J /kg 

From the steam tables: 

Specific volume of saturated liquid, 

K = 0.001 088 m 3 /kg 
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specific volume of saturated vapor- 
V g =0.414 mVkg 

Then, 0.175 - (1 - x) 0.001 088 + x (0.414) 

The quality = jx=0,42j 

16.24 

Since the two phases coexist in equilibrium, we have a saturated mixture, and the 
pressure must be the saturation pressure at the given temperature: 

P = p' @ wc = fmTTkpH 

At 90°C, V, and V, values are V, = 0.001036 m J /kg and V, = 2.361 mVkg 
Add the volume occupied by each phase: 

V= V ( + V g = mV/ + m e V B 

= (8 kg)(0.001 nvVkg) + (2 kg)(2.361 mVkg) = Ujjml] 


16.25 



mV 

A 


where 

v - velocity, ft/s 

V = specific volume of the fluid, ft 3 /lb 
A ~ pipe cross sectional area, ft 2 _ 


(continued) 
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V can be obtained from the steam tables: V = 0.9633 ft 3 /lb 


The area is A = nd*/4 = 



= 0.046 ft 2 


25,0001b 

0.9633 ft 3 


hr 

lb 

0.046 ft 1 


= 5.24xl0 5 — 
hr 


or l!45 ft/sl 


16.26 

The hot oil vaporized the water, and the increase in volume in the system caused the 
damage. 


16.27 

Prepare a Cox chart as described in the text. Use semi-log paper with the horizontal axis 
logio. Obtain vertical scale rules by use of steam properties at even integers for the 
temperature. Or you can use Antoine Equation, Appendix G, to get 2 points and draw a 
line between them. 
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ffHMt, kN Mild 



(a) Acetone 

454 

670 

691 

(b) Heptane 

512 

700 

397 

(c) Ammonia 

270 

1500 

1636 

(d) Ethane 

89.7 

750 

708 


16.28 

Steps for preparing a Cox Chart (using water as the reference substance): 

1. On logarithmic paper, set up the pressure scale on one axis. The other axis will be 
a nonlinear temperature scale which will be set up by the following method. 

2. Draw a diagonal line from the origin to the opposite comer of the graph. 

3. From the steam tables, obtain values for the vapor pressure of water at evenly 

_ spaced temperature increments. ___ (continued) 
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4. Plot these vapor pressures along the diagonal line. 

5. Now, beginning with the first point on the diagonal, draw a line extending from 
that point to the temperature axis and label the intersection as the corresponding 
temperature for that vapor pressure. 

6. Repeat step five for every point on the diagonal line. This process will establish 
the temperature scale. 

7. Using the established temperature scale, plot the data for benzene and draw a line 
through the points. 

8. From this line, obtain the vapor pressure for benzene at ! 25°F. 

The vapor pressure for benzene at 125°C (257°F) is estimated to be 3.3 atm. 



16.29 


The procedure is the same as outlined for PI6.28. The result from the Cox chart is that 
the vapor pressure for aniline at l35(Tis 22 atm I. 
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16.30 



From the CD that accompanies the text the respective vapor pressures at 300K are in 

increasing value 

t >* in mm He 

PEL (pnm) 

Ethanol 

65.8 

1000 

Methanol 

139.7 

200 

MTBE 

294 

100 

The relative values of p* are about the same as the inverse of the relative values of the PEL. 
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17.1 

Basis: Data given in problem statement 

H,0 
27°C 

p'=3.536kPa 

(a) Pt“Pn,+P Hi o- U01.3-I-3.536)kPa» flQ4.8kPa| 

n Hp PHp_ 3.536 kPa 
w n N , PN; 101.3 kPa 


= 0.0349 


dry N 2 
27°C 

p= !Q1.3kPa 


17.2 

p t =760 mm Hg 
p <ir =760~14.1= 745.9 mm Hg 

Pc l H v , = Pc.H, < =!4.ImtnRg 


T=-20'C 
p*—14,1 mm Hg 


N ! 

C»H 14 


Basis: 760 mol saturated gas (or use 100 mol) 



d ^ moles 

mol 

02 

.21 (745.9) 

- 156.6 

N 2 

.79 (745.9) 

= 589.3 

<*Hu 


* HA 
760 


For complete combustion 

C 6 H 14 + 9 1/2 0 2 6 C0 2 + 7 H 2 0 
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156.6 - 134 = 22.60 mol 0 2 excess 




17.3 

(a) Volume increases 


(b) Pressure increases 


17.4 


mol. wt CCI 3 NO 2 = 164.5 

Basis: 1 mol saurated gas 


CCI 3 NO 2 

air 


mol fr. 

0.02 

0.98 

1.00 


100 kPsjOO 2 mol CCI 3 NO 3 

760 mm Hg 

1 1 mol gas 

101.3 kPa 


(a) Using linear interpolation, which may introduce a slight error, 15.0 mm Hg 
corresponds to 


(||~|) ( 5 ) = 1 .3 + 15 = (i6!cj (289.5K) 


18.3-13.8j 
(a) Basis: 100 m 3 at 100 kPa and 16.5°C 


100 m 3 air 

lOOkPa 

273 K 

1 kg mol air 


101.3 kPa 

289.5 K 

22.4 m 3 air at SC 
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0.02 molCCl,NO,| 

l64.5kgCCljNO, 

0.98 mol air | 

\ 1 kgmolCCl 3 N0 3 1 -® 


17.5 

Basis: 1 mol air 


y - 0.12 p H>0 = p T {0.12) =101.3 kPa (0.12) 

= 12.2 kPa 

The dewpoint is the temperature at which pVo = 12.2 kPa, or from the steam tables 323K 
or bo*cl 


17.6 

Assume the tank with air fills with the hazardous liquid vapor at 8 0°F. The pressure in 
the tank with air will become after the transfer (10 + 14.7) + 13 - [37.7 psia | hence the 
seal will possibly rupture during the transfer 


At 60 o F> p* Hj0 -0.52 in Hg; at 75°F, p* - 0.87 in Hg 

Basis: 12,000 ft 3 air at 75°F and 29,7 in Hg absolute 


12,000 ft' 

1 lb mol 

0.52 in Hg H 2 0 

492* R 

j] 8 lb H,0 


359 n ! at SC 

29.92 in Hg total 

535‘R 

[ lb mol 
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17.8 

Basis: 1 gal benzene (sp. gr. 0.879, MW 78.1) at 750 mm Hg, 70°F 


W1 r . (3600 (750) (14.7) Atol . 

Moles of air = ( 1073 ) (760) (530) =9 18lbm °' 


Moles of benzene- aH>ft’X0.879)<62.4) 

(7.48)(78) 


niom ” 9.18+0.094 = 9.274 mol 


y * = S = 00101 


mol % - ll.0l%t therefore beneath explosive limit 


17.9 


Basis: 350 fri C^H 2 - Os mixture at 25°C, 745 mm Hg 

1 

P V = (745X14.7X350) _ 0 874 , broo| 

J RT (760)(10.73)(298)( 1.8) 


B| .(2«YJllYMYJ.Va«7iib«i 

! ^,760A 10.73 Jl.333 A1 -8j 


p*HjO at 60°C = 149.4 mm Hg 


149 4 

y Hl o.,3~=«20i 


n„ j0 -(0.201X0,671) = 0.135 lb mol 

(continued) 
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C,H, +4o,^2CO, + H,0 

“ " 2 - 


You get I mol H 2 0/mol C 2 H 2 on reaction 

Therefore moles C 2 H 2 —0.135 

mol 0 2 - 0.874 - 0.135 = 0.739 lb mo! 


*,.,-£22- 0.845 

° 7 “' 0.874 


V 0> -(0.845X350) - 1296 ftM at 745 mm and 25°C 


V CjHj = 350-276 - 154 ft 3 1 at 745 mm and 25®C 


17.10 

Elephant seals have an average body temperature several degrees higher than ours. That 
means their breath can hold a bit more moisture than ours, and on that day, that extra 
moisture could have been just enough for condensation to occur. 

But there are other reasons the elephant seals* breath may have been easier to see. It 
could be that it was a few degrees colder on the beach than where the observer was sited. 
And, as you know if you have ever experimented with seeing your breath, the bigger the 
volume of air, the more moisture available to condense out and so the condensed 
moisture was more visible. 


17.11 


(a) p* Qz exists if saturation occurs. Then, with p*, - 100 kPa 


corresponds to 


Pb, = 100 (0.014)- 1.4 kPa which 
1—1 Tel from Perry 
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or use Antoine Eqn. and solve for T( 10.5 mm Hg) (*i5°C from the CD) 

In (10.5) =15.9008. iZ*§£L 
T-52.36 

b) Repeat for = 8.0 kPa (60 mm Hg) corresponding to 115.4x1 


17.12 


Basts: 1 lb air 

If the air is saturated, p^, = 2.36 in Hg and p a j r * 29.66 - 2.36 = 27.30 in Hg. 


(a) 

(b) 


•2^1- 0.0864 22*£l 


27.30 

mol air 


27.30 mol Air 

29 lb air 

11 lb mol C« 

2.36 molC 8 

I lb mol air; 

1114.2 ibC, 


lb air 

1 bC* 


2.36 raolC 


(27.30+2.36) mol total" £ = PM which » also the fraction of the volume. 


2.941b airi 

|l lb mol airj 

1 359 ft 3 atscj 

1 580°R| 

j 29.92 in Hg 

IbC, 

29 lb air ] 

llbmolair | 

|492 # r1 

129.66 in Hg 


|=43.3 ft 3 | at 120 T and 29.6 in. Hg/lb octane 
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17.13 

At equilibrium, the pressure of Hg is its vapor pressure 

^ nu. b... 1.729xxlO~*gmolHg 
Pl n, p aiI 99.5 g mol air 

1,729x10 4 gmolHg 

Note: p, - Pair+ Pits = Pair for aU P ur P oses so 99 5 gmo ) lot algas 


Basis: 1.729 x 10 4 gmol Hg 
,.729xl(T 4 gmolHgi 200.59g 


jlgmol Hg 


l°°2JH = 3S.I4mgHg 


)g 


nRT 


99.5gmolair 


293.1SK 


99.5 kPa 


8.3l4(kPa)(m') 


(kg mol)(K) 


-Bi- = 2.44m 3 at20°C and 99.5kPa 
lOOOg 


15.65 at 20 a C and 99.5 kPa. 
m 


Level is not acceptable. 

A mercury spill can be cleaned up reasonably effectively by dusting with suite, then 
vacuuming with a vacuum cleaner specifically designed for mercury pick-up, which 
prevents the escape of mercury vapor. 

The instructor should point out to the student that the assumption of the "no 
ventilation" is not a very good approximation unless the surface of the mercury is h 
large or there is truly no ventilation in the storeroom, 
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17.14 

Step 5 : Basis: I min 

Steps 2. 3. and 4 ; System is loading plus water seal, steady state, open 



Comp. 

mol fr. 

kPa 

air 

c 4 

0.015 


H 2 0(sat) 


2,34 

Total 

Too 

120 


p k ; o ai 20 C — 2.34 kPa 
pV 100,0 kPal 300 


RT 


| 300 cm 1 ll 

r 1m V 

1293.15 Kjl 

J00 cm j 


(kg mol)(K) 


8.314(kPa)m’) 


= 1.231 x IQ' 5 kg mol = L231 * 10 2 gmoIC4 
Steps 6.7. 8, and_9 : 


At P, the mole fraction of water is 2.34/120 - x H;0 -0.0195 
The moles of P come from a C 4 balance (C 4 is a tie element) 
1.231 x 10’ 2 - 0.015P P-0.821 gmol 

Then the air in is 

0.821 (1-0.0195 - 0.015) = 0.793 g mol 


nRT 0.793 *10°kg mol 


293.15 K [8.314 (kPaXm 3 ) 


100 kPa j (kg mol)(K) 


(continued) 
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V= tl.93xloW| at 100.0 kPa and 20°C per min 


17.15 

Assume equilibrium. 

At 75T, from the Antoine equation, the vapor pressure of benzene is 90 mmHg. 
Assume the barometer is 760 mm Hg abs. 

mol Bz Pr 90 ^ molBz 

mol air p t - pj 760-90 molair 

a) The OSHA limit is 1 ppm over 8 hours. The above greatly exceeds this limit, 

b) No, because the garage is probably not well ventilated, and also if a water heater is in 
the garage, the LEL (Lower Explosive Limit) may be exceeded, 

17.16 

Basis: 50 ft 3 air at 29.92 in. Hg and 70°F 
p* Hj o at 50°F = 036 in Hg 
The amount of water per hour is 


50 ft' 

60 min 

1 lb mol 

429*R 

0.36 in. Hg of H,0| 

! 18 lb 

min | 

I 1 hr 

359 ft’ 

530*R 

29.92 in. Hg total | 

lb mol 


Alternate solution: make air and water balances. 
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17.17 


Basis: 1 hr 


The question really is: does the Hg condense at 150°F, or is it still a vapor (and thus not 
collected). 

The moles of Hg are: 40,000 (0.023 x 10' 2 ) = 0.046 lb mol 

The moles of gas are (ignoring the Hg): 

- 1250 lb mol 


40,000 lb gas 

1 lb mol gas 


32 lb gas 




0.046 


-~3.68*10' 5 


0.046 +■ 1250 

The partial pressure of the Hg in the gas is yp (0!iJ 

(3.68 x 10' s )(14.7) = 5.4x 10“ psia 

The Hg will remain a vapor and not condense. 
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17.18 


Basis: 20,000 ft 3 moist air at entering conditions in 1 day 


f Air 
Moist Air 37*C 

dew point 22*C 
acsmm Hg ttt». 

37*C (S/oK) 

A« r 



i ur, 

T A tb 




Totfrt tOWJ 


20,000 ft J ] 

12731 


1 lb mol 


280]760 

[359 ft 3 at SC 


= 57,18 lb mot total 


(0.532 lb mol H 2 0) 



Steps 6 and 7 : Unknowns: W 2 and P; balance: H 2 0 and air 


Steps 8 and 9 : 


H 2 0: 57.18J 


/ 0.99.1 


\ 106.( 


Air: 57.18 


^-w,(i)+p 

(ML) 

U 06.63 J 

;] -W,( 0 ) + P| 

f 106.5 'l 

l - not accurate 

1106.63 j 


lb mol 
P = 56.72 
%= 0.4613 


Total: 57.18 =W 2 +P 

Basis: 30 days 


30 (0.4613) (18)- 1249 lb H,Q/30 days] 
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17.19 

Steps i-4 : 




(saturated) 

mol fr. 

a,r F(mol) _ 

remove 50% 

P __ air 

loo-pvioo 

h 2 o ** 

h 2 o 

h 2 o 

p’p/100 

25°C 

—f— 

iOOkPa 

1.00 

100 kPa 

i 



dew point - 

T 

W (mol) 

at exit p* = ? 


16°C 

100 % h 2 o 



At 16°C 0.57 in Hg 

0.28 psia 

p*H 20 s 13.6 mm Hg -1.81 kPa From steam tables p* - 1.92 kPa 
Thus p air - 100 - 1.81 - 98,18 kPa p air ^=100-1.92 = 98.08 

Step 5 : Basis is 100 Mol F 

Step 6 : Unknowns: W, P 

Step 7 : Balances: H 2 0, air 

Steps 8 & 9 : Balances around process in mol 



iToiall 100 -W + P 

Also, p* = f(T) vapor pressure relation 


(continued) 
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The exit gas has one-half the entering H 2 0, or J / a (1,92) = 0.96 mol thus W = Vi 

(1,92)-0.96 mol H 2 0. 

The exit air has 98.08 mol dry air. 


At the exit p h ^=p‘h,o =y„,o(100>- 0 96 + 9g - 100s0.97kPa 


From the steam tables, this corresponds to about 


280 K 
(TC) 


, or use Antoine Eq. 


Note: Taking '/* of (1.92) - 0.96 and dividing by 100 instead of (p tti0 nO is wrong. The 
answer is close to correct because of the very small amount of water. 


17.20 

Basis: 1000m 3 sat. air at 99 kPa and 30°C 
P*h,o at 30°C - 0.6155 psia = 31.8 mm Hg - 4.24 kPa 


1000 m 3 

1kgmol 1 99kPa J273K 


22.415m 3 atSC)101.3kPa 303 K 


= 39.3 kg mol 


99 kPa 

1000 m 3 

(kg mol)(K) 


303 K 

8.314 (kPaKm 3 ) 


—=39.3 kg mol 


Initial: 

Initial mol H 2 0 - 39.3 


.3 f^] = 168 kg mol H,0 
Initial mol air - 39.3 ^ ^’^ -j=39.3-1.68 = 37.62 kg mol air 


Final: 
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At 14°C and 133 kPa, the air is still saturated, and = 37.62 kg mol 

pVc-H.o =* 0.2302 psia - U.9 mm Hg * 1.59 kPa « p Hj0 @14X 

1.59 = ^ol There is the same as 

S ° (133-1.59) 37,62 J an H } 0 material balance 

i, HiO =0.46kgmol 1.68 - 0.46 = 1.22 kg mol or [22kg 


17.21 

Steps 2. 3. and 4 : 


C0 2 
H 2 0 
0 2 
n 2 

Assume combustion is complete and the gases are ideal. The process is open, steady 
state with reaction. The first objective is to make material balances. 

C,H 6 +3.50 2 -> 2CO, + 3H 2 0 
Step 5 : Basis: 100molC 2 H6 

Step 4 : The entering 0 2 is 350 mol 

The excess 0 2 is (0.20) (3.50) = 70mpl 
Total 0 2 is 420 mol 

The Ni is 420 (^) « 1580 mol 

Steps 6 and 7 : 

Unknowns: 4 (The components of the flue gas) (continued) 



<20% excess} 
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Balances: C, H, O, N, total of 4 
Degrees of freedom = 0 


Steos 8 and 9 (balances in moles, in = out): 


C: 2(100)= n (0: 

n co , = 200 mol 

2N: 1580= n Kj 

n N% = 1580 mol 

H: 6(100)= 2n Hl0 

n HjO - 300 mol 

O: 420(2)= 2n c0l +n Jl7O +2n 0j 

n G , = ?0Q mol 

Total 

2150 mol 

The dewpoint is the temperature at which the flue gas is saturated 

300 

P Pir.ui “ (100 kPa)“ 14.0 kPa 


This pressure of H 2 O corresponds (from the steam tables) to 1325.7 Kl (52.6°C) j 


17.22 

Step 5 ; Basis: 100 lb mol flue gas 

Steps 2. 3. and 4 : 
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2.5 1b ' 

97JJbF 


H 2 0 


p Coal (dry) 

% - 

C 80 
H 6 

O 8 

Ash _6 

100 


W. 


HjO 


molsir 
P (flue gas) C0 2 0.140 

-CO 0.004 

N 2 0.800 
Oj 0,056 
1.000 


N 2 0.79 

o 2 m 

1.00 


H 2 0, dew point 50°F; p*h^O “ 0.3624 in ! Ig 


Steps 6 and 7 : 


Unknowns: F, A, W 

Equations: Material balances: C. H, O (the ash is ignored) 

Steps 8 and 9 (balances are in moles; in - out) 

To get F: 

C: (0.80F)( 1/12) = (0.140 + 0.004) 100 F = 216 lb or 18.0 lb mol 
To get A: 

N 2 : 80 = A(0.79) A - 101.27 lb mol 

H: Hydrogen from the dry coal plus the water in the coal is (MW H - 1.008): 

2' 


216(0.06) , 2.5 

216 

1 

1.008 97.5 


18.016 


i-i 


6.74 lb mo! HjO 


In A: p*H.o ~ 0.3624 - y A n,o p tflUJ — y\,o(29.90) 
yVo -0.0121 

The water in A is (0.0121) (101.27) = 

Total H 2 0 in P; W = 


1.23 lb mol 

7.97 lb mo) 


(continued) 













































Solutions Chapter 17 


The dew point is 

-2£L- (29.92) = 2.21 in. Hg equivalent to 1105 *f) 


17,23 








mo % 







4.5 C0 2 







26.0 CO 

P 






13.0 H 2 0 




p 

_L n Hp 



0.5 CH 4 




P t = 98 kPa °n 2 



56,0 N 2 




1102 



100.0 









Air 

10 % excess 






°2 22 - 55 ) m0 l 






N 2 84.83/ 


Sten 4: 

Calculate the xs air and add total air to the diagram 


Step 5: 

Basis: 100 mol synthesis gas 




Step 6: 

Unknowns: 

n o, *Nco, ,n H)0 ,n Nt ,P 

(5 total) 


Step2: 

Balances 

C, O, H, N, In ; 

“ P 

(5 independent equations) 

Steos 8.9: 

Use element balances 






la 


out 



C: 

4.5 

+ 26.0 + 0.5 = 


n co, n co, 

= 31.0 

H: 

0.5 (4) 

+ 13(2) 



n H,o(2) n HjO 

3|« 

II 
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02: 4.5 

+ ~ + 22.55 = n COi +^ n 0) - 2.05 

N2: 56.0 

_ 28/2 _ 14 
y "’° 187.9'187.9 

+ 84.83 - n Ni n N, = 

p'».» = P«,o“ 98 (ji^) =7 ' 3 kPa ( ° T L06 P sia J 

This is equivalent to a temnerature of ll04’Fl from the steam tables (40°C) 

17.24 

Basis: 100 mol gases leaving absorber 


CH 4 +20, ->CO, +2H,0 

0.8335mol N ? 10.21 mol O 7 


|o.79 mol N, 

■ — u. i lUo moi 

2mol0 2 


1 - 0.8335 - 0.1108 = 0.0557 tnol H20; 0.00557 (20) = 1.114 psia 
Dew point« |l05°F| at l. 114 psia 

b) At constant temperature of 130 *F, the gas must be compressed until the partial 
pressure increases and becomes equal to the vapor pressure in order to reach the point of 
condensation. 

From Steam tables, the vapor pressure of water at 130 ’F is 2.223 psia. 

The total pressure at which the partial pressure of water (mol fraction = 0.0557) will 
be 2.223 psia is 

Ph*o =Piy Hj o 

—" = 140.1 psia) 

0.0557 1 -— 1 
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Solutions Chapter 17 


17.25 


1 

i 


Basis: 1 Jl> mol of benzene free air \ 

Barometric Pressure 

mm He 

742 

i 

i 

p* benzene at 40°C 

ill 


Partial pressure of air 

= 561 


Partial pressure of benzene 

- Hi 

=> 0.323 lb mol benzene 

At 25 psig total pressure or 

2052 


p° benzene at 10°C 

= 45.4 


Partial pressure of air 

2006.6 


Final partial pressure of benzene in air = 

45.4 => 0.023 lb mol benzene 

0.323 - 0.023 

" 0.3 lb mol CeH6 recovered 

a. ( °- 3K100) = M 

(0.323) 1 - 1 

recover}' 


b. 2 psig is 103 + 742 : 

= 845 mm Hg 


——- |l 8.9 mm Hgj partial pressure of benzene in the recycled air. 

(1.023) 
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Air « 81.3% 


Overall balance (mol) on the gas phase 

A{ 0 + 1.85 = A 0 ut 

Air balance (mol) on the gas phase 

0.9875 Aio - 0.813 A 0 m 
Ai 0 = 8.619 lb moles wet air in 

= 139407] of wet air @ 800 mm Hg and 200°F 

4!r2 RJouO 

(continued) 

17.27 

Basis: ! hr 

Calculate the amounts of the various components in the gas phase: 

Water 

H 2 0 in ~ 0 (by specification) 

H 2 0 out (saturated): 


8.619 lb mol 359 ft 3 


lb mol 


p*at300IC-3.51 kPa= p Ki0 


y Hl o 


3.51 kPa 
HOkPa 


= 0.0319 


CO, in: y COj = 0.00055 
C0 2 out: y CO} =0.125 
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0 2 in: y 0 , =0.21 
0, out: y 0 , =0.0804 


Assume the other gas in and out is Nj. 
The entering gas is 


600 m J 

120 kPa 


(kg mol)(K) 



300 K. 

8.3l4(kPa)(ra’) 


— 28.87 kg mol 


The exit gas can be obtained from a N 2 balance 
28,87(1 -0 - 0.00055 -0.21) = n 0(Jt (1 -0.0319 - 0.125 - 0.0804) 
n out - 29.89 kg mol 

In one hour in the steady state the moles of C0 2 produced were 


29.89(0.125) -28.87(0.00055) = 3.72 kg mol 


The mole of 0 2 consumed were 

28.87(0.21) - 30.14(0.0804)=3.64 kg mol 


RQ 


3.72 

3.64 


-03 
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1S.1 


Basis: gas as given in problem statement 


(a) 0.030 


Ph.o 


PhjO 


Pt«-Ph,o 101.6-p„ t o 
p‘a,o at 60 °C = 19.9 kPa 


so, p H?0 -2.96kPa 


% 


hu m id ity = 100 f—1 =[fT2%| 

y ^19.9'L)0i.6-2.96j 1 - 


(b) Relative humidity 
2.96 


000 ) 


19.9 


E33 


(c) Dewpoint occurs where p H?0 = 2.96 kPa, or T = |24 , C[ from the steam tables. 


18.2 


At 27 'C y Ph, 0 = 3.52 kPa. The actual pressure of the water vapor is obtained from 
nRT f0.636^ 8.3 14^300KV 'i 

p Wt—A— Jw*™ kPa 

J0o(—) = |89%RH 
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18.4 

T = 140°F ?Vo = 5.878 in Hg 

p - 30 in Hg 

H- 0.03 mol H20/mol BDA => Basis: l mol BDA 

molH 2 0 o,Q3 _ 
mol H 2 0 + BDA 1 +.03 0-029 Yh ^ 

p H p= 30 (.0291) = 0.874 in Hg 
p air = 30 (l -0.0291)« 29.13 in Hg 

(a) % rel. humidity = 1 00~5 h* 2_ = toof | = Il4.9%l 

P*HjO V 5.878 ) 

(b) Dew point is the temperature at whi ch vapor first condenses on cooling at 
constant humidity, hence p* " 0.874 in Hg 1~ 75°F.l 

18.5 

From steam tables, P*w 9 q°f = 0.6982 psia. Assume constant pressure during the process. 
Partial pressure of water, pw ~ (0.85) P*w9o°f = P s * a 

Partial pressure of dry air, p^y ^ = Total pressure - p w = 14.696 - 0.593 - 14.103 psia 
(a) Molal humidity 
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mol of water vapor _ n w __ p w _ 0.593 
mol of dry air p*yai r ^ 14.013 


— [q7042) 


(b) Humidity 


lb of water vapor _ 0.042 lb mol H 2 0 

18!bH 2 0/lbmolH 2 0 

lb of dry air lb mol dry air 

29 lb air/lb mol air 


= |0~026l 


(c) Saturation temperature or the dew point is the temperature at which the vapor 
pressure of water will become equal to the existing partial pressure of0.593 psia. 

By interpolation dew poin d= 84 8° Fl 

(d) Number of degrees of superheat 
- 90°F - 85°F ■» HfF} 

(e) At 105°F and 14.696 psia, all the water is still present as vapor, i.e., the gas phase 
composition and hence the partial pressures are unchanged from those at 90°F. 
The molal humidity and dew point are the same as at 90°F, 

(f) At 60°F and 14.696 psia, the air is cooled below its original dew point of 85°C. 
Hence, water will condense, and the resulting air will be saturated with water 
vapor. 

The dew point - f60 Q Fl 

To find the molal humidity, find the partial pressures: 

Pw= P*w MT = 0.2563 psi 

Pdry air - 14.696 - 0.256 S 14.44 psia 
Molar humidity 

(continued) 
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Pw 0.2563 


VT44 = 10,0177 mol water / mol dry air; 


^dryair Pdry air 

(g) Water condensed: 

Basis: 1.0 mol of dry air 

mol water 

Initial water in air, at 90°F, 1 atm * 0.042 

. mol water 

Final water in air, at 60°F, 1 atm = 0.0177 — q] ^ a j r 

_ . _. _ mol water 

Water condensed ~ 0.042 - 0,0177 * 0.0243 


J . 0.0243 

Fraction of the original water condensed - 


Alternate solution : 

Make (l) a total balance, (2) an HjO balance. (3) an air balance. Two are independent. j 
Use as a basis: 1 mole wet air j 
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18.6 

T = 25°C, pDz = 2.20 mm Hg, p t ~ 800 mm Hg, hence p a j r = 797.8 mm Hg 


, . «B2 p«7 n 02 2.20 ,- ; - 

(a) “"*p7 * ^ = W |2.75 x lQ- y mol Bz/molj 


(b) 


(c) 


n Bz 


Pbz . n B*_ 2.20 _ 


n _ n Pt'Ps n air 297.8 |2.7576 x 10" 3 molBz/ mol Bzfree gasj 

[00074] 


g Bz 

2.7576 x 10 3 mol Bz 

78 g Bz 

|l gmoiair 

g Bz free gas 

l mol air 

1 g mol Bz j 

| 29 g air 


(d) Relative Saturation = 


Pb?. 


P* bz at 25°C 


2 . 20 . 


p* Bz at25°C~ 95.6 mm Hg .'. ReL Saturation (p.Q23| 


(e) 


2.20 g mol Bz 

78 gBz 

I0 6 |ig 

1 g mol gas 

800 g mol gas 

1 gmolBz| 

1 Ig 1 

|22.4 L at SC 


1 L 

r 100 cm 

IOOO cm 3 

V 1m . 


760 mm Hg|298 K . 

800mmHg|273T 


|9,96 x 10 6 mg fm y Exceeds the standard| 


(f) 


9.96 x I0 6 ng 

J 8 

0.028 m 3 

m 3 

10 6 Jig 

l ft 3 
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18.7 

r&wttoJ 


T=U*F 

Air 


AiV* 


T 




1 

H4O 





T- 

p.r33.0 f?Si<- 


Basis: Air at T - 66 T and 21.2 psia; assume V is constant. 

(a) Initial 

P«ir,j^ =n »ir 

Final 

Assume all of the water evaporates, and check later on to see if the assumption is true. 


P*ir,( + PlijO ^Pt S0 P«ir.f ~ Pt~PH>0 

P«r,f V = n »ir RT l 80 °F 

The material balance is simple: all the initial air - final air. 

p, hti 66+460 _ 526 _ 21.2 

p t -p H>0 * 180+46° 640 310~p H?o 


p H , 0 = 7.20 psia 

Since p* = 7.51 psia, all of the water can evaporate and the air will not be saturated, 
(b) Basis; l lb H 2 0 (0.0555 Ibmol H 2 0) 


At the final condition 
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Ph,q 7.20 n H,o 
p t *310“ n t 


0.0555 

n, 


so n m 0.254 lb mol 


= JRT _ (0254 f~){—) = UmI 


(c) n,„ = 0.254 - 0.0555 = 0.198S lb mol 


llbH,0 1 0.17 lbH^O 
0.1985(29) lb air 


18.8 

The vapor pressure of ethyl acetate at 30 C is 122.5 mm Hg. 

% relative saturation = 50 =• (100) 

P&Ac 

p ElAc = 0.50 (122.5) = 61.2 mm Hg 

Basis: 740 mol EA 


(a) Hejac. ^ Peiac _ 5L? = 0.0828 
W n, Pl 740 

Hence the vapor analyzes 18.28% EtAc and 91.72% airj 


(b) Molal saturation is 


jjntAc., j 


i - PntAe _. 

Pait P l ~ PEtAe 


0.090 


mol EtAc 


mol air 


61.2 

740-61.2 
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18.9 

Basis: 0.0083 lb mol H:0 vapor/lb mol CH 4 
(a) PYo at 80 ‘ F * 26 mm h 8 (steam tables) 

Ph } O^Pi<j 5«1 — n H,O^ n t0Ul 

0.0083 
Yh ’° = 1.0083 


y«,o Pic ~ Ph 2 o 


0,0083 1 1520 
1.00831 


= 12.5 mm Hg -p Hs0 



(b) 


Pn,o _ 12.5 
p ]Ko pYo 


0.20 


When pYo = 62.5 mm Hg, the temperture is llQ9*Fj 
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18.10 

Steps L 2. 3. and 4: 


Pt =M03.0kPa 


F (kg mol) 


P (kg mol) 

Air: 22°C 




RB - 50% i 

W =j mol H 2 0 


Air: 72°C 

RH * 80% 


Data for p* 

from the steam tables: 


T CO 0 * (kPa) 

22‘C (295K.) 2.622 

7rC(345K) 33.77 


These calculations provide the composition of F and P. 


In 



kPa 

Out kPa 

Pn?o 

= 0.50 (2.60) 

- 

1.31 

p Hj0 =0.80 (33.77) = 27.02 

Pair 

= 103.0- 1.31 

= 

IQ],69 Pair 

= 102.0-27.0 =76.0 


P» 

= 

103.0 

p, =103.0 


Step 5: Basis: W - 200 kg H,0 (1 hour) 

Steps 6 and 7: Unknowns are: F, P Balances are: H 2 O, air 


Steps 8 and 9: This is a steady state process without a reaction 


(continued) 
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Balances In Out 

h 2 0 F ('%»)+'%( LOO) = P(«^ M ) 

air: F('«'Xoj) =K%j) 

F = 32.86 kg mol P-43.95 kg mol 

Bone dry air: F 0 °Koa) = 32.45 kg mol P (% 3 ) = 32.43 kgmol 

Step 10: Check using total balance 

Weight in kg of dry air used = 32.45 (29 = [941 kg] 


18.11 

Steps 1.2.3. and 4: This is a steady state process without reaction. 


F* iocoky 


QhW 

HjO 


Filter 


fl-fo w]ot>> 

1-06 W/ 


T/V> 

tfaO Q.4a 


bOO 








Air! A(^) 


f>0*> 

tOOJfyGte, 


Calculate the composition of G, P, A in terms of mass fractions 
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G 

0.015 kg Hp 

mass fr. 

0.01477 


1.000 kg air 

0.98523 


1.015 kg total 

1.00000 

P 

9.09 kg HjO 

0.08339 


100.00 kg CaC0 3 

0.91661 


109.00 kg total 

1.00000 

A 

0.005 kg H,0 

0.004975 


1.000 kg air 

0.995025 


1.005 kg to total 

1.00000 

Step 5: Svstem is the filter. Basis: F - 

1000 kg 


Step 6: Unknowns: T, W 


Steps 7. 8. and 9: 


In 


CaC0 3 balance: 

H,0 

Total 


Out 


1000 ( 0 . 10 ) 

1000(0.90) 

1000 

The balances are not independent; only 2 are independent. 

All we need is the CaC0 3 balance as CaC0 3 is a tie component. 

a. T - 250 kg 

W - 1000 - 250 - [7S0ki1 

b. System is the dryer; same basis. 


T (0.40) 

T (0.60)+ W (1.00) 
T + W 


(continued) 
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Sten 6: The unknowns are G, P, and A 

Steps 7.8, and 9: We have 3 balances: H 2 0, air, CaCOj 

_ In _ Out 

CaCOn: 250 (.40) = P (100/109.09) 

P= 109.09 kg 


(From an overall system balance on CaCO s with 100 kg CaCO^ in and out in P the 
water out in P = 9.09 kg.) 

Jiom 

am 1.005' l.Ols) 

HjO: 250(.60 )+a(—=g(——) + pf———) 

1 ' ' m. 005' M.0i5' M09.09' 

[a~=T 4,400 kg 


18.12 


Step 5 : Basis: 1 mol F 


T = 300K 
p- 750 mm Hg 


gas 


P 

HC 


HC 

n 2 


n 2 

3.8% RS 

TW 100% ofHC 


(90% of HC 
in F) 


T ”? 

p = 750 mm Hg 


vP =? 
x HC • 

xl V 1 " Xi,c 


1.00 
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In p^ = 15.9008- 


2788.51 

300-52.36 


p* m = 103.6 mm Hg 


p HC = 103.6(0.038) = 3.94 
p N; - 746,06 

p T = 750.0 

Steps 6 and 7 : 

Unknowns: W, P, x^. 

Balances: HC, N 2 , 90% of HC in W 

Steps 8 and 9 : 

Total balance: 1 = W + P 

HC balance: 1 )= W(1.0) + Px' t . 


I ( 10,90 = W = 0.00473 

V 750 J 


p- 1-0.00473 - 0.99527 mol 


.Hhi. 

0.99527 


= 0.00053 


Phc ~ p T (0.00053) 


p Hr = 0.00053(750) = 0.396 mm Hg = p\ K . 


j 


In(0.3961 - 15.9008- iZIML |t = 218 Kl 
T—52.36 
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Fraction CS, recovered 


9.82 

12.82 


f077i 


18.15 

Pick a closed system in which the octane lost to the surroundings is part of the system 
rather than an open system. 

During the day, the vapor space is saturated and expands so that the air-hydrocarbon 
mixture escapes through the vent. At night, the gas mixture contracts, and fresh air enters 
so that more liquid will vaporize. 

The volume change of the mixture due just to the temperature change (assume p, 0 wi is 
constant) is 

dV, dT 

— L ~— using the ideal gas law 

V 0 T 

where Vo is the volume of the free space. As T increases, the vapor pressure of the 
octane increases and the number of moles of octane increases. The volume change due to 
the vaporization is 


^ = dV = d^^* 

V o P, 

where y is the mole fraction of octane in the vapor space, p* is the vapor pressure of the 
octane, and p t is the total pressure in the vapor space. 


Thus, the total volume change is approximately 



Introduce p V = nRT to get 
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<j n - | V „P dP~ 

RT ! pRT 

introduce the equation 
in(p')=A-| 
to get 

V ft e iA ~ (B ^dT j V 0 pdp’|A-lnp’~|dp 
RT 2 + RBp, 

Integrate between T t and T 2 to get N, the octane in lost in a day 

N = S){ ex P[ A -( B /Dl-exptA-fB/T,)]] 


2p 


-= t 1 r In pi ll n 


For octane p t = 44 mm Hg abs, p, « 222 mm Hg. 

A~ 7.30, B = 1,600 
If V 0 = 1 m 3 , |N = 3.40 molforlday] 


18.16 

(a) 


Entering 
80°F s =26.8°C 


Leaving 


70°F “ 21.0°C 


(continued) 
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p* at 26.8°C = 26 ram Hg 

p* at21.0°C= 19 mm Hg 

Rei. Humidity-^=^^1100) 


|=19.2%| 

1=94.8%l 

Entering 

Leaving 

Vol fr. 

Vol fr. = — 

Mol Ptot 

Ptot 

H > 0: 74o"l H HV 100t =°- 676% 


Ain 100- 0.0676 J= 99.324%| 

Air: 100-2.43 1= 97.57%l 


(c) Entering Leaving 

Basis: 1 lb mol at 80°F, 740 mm Hg Basis: 1 lb mol at 70°F, 740 mm Hg 
Vol % - mol % 



]b 

wt% 

H,0: (0.00676X18) 

0.12 

0.4 

Ain (99.324)(29) 

28.80 

99.6 


28.92 

100.0 


(d) Entering 

Basis: 1 lb mol at 80°F, 740 mm Hg 
Actual: pvap “ 5 mm Hg 



lb 

wt % 

Hp: (0.0243) (18) 

0.44 

1.53 

Air: (0.9757)(29) 

28.30 

98.47 


28.74 

100.00 


Leaving 

Basis: 1 lb mol at 70°F, 740 mm Hg 
Actual: p va p - 18 mm Hg 
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Humidity = 


n HjO _ PHjO 


740 - 5 = 735 mm Hg 

Pvapor-free air “ 

gmolH,0 

18 g 

1 g mol dry air 

g mol dry air 

|l gmol H>0 

29 g 


n. 


'dry air 


Pdryai 


Entering 


Leaving 


Humidity = —I— = 4.22* I0 4 - H; ° — 

735129 g dry air 722|29 


1LII* . 0.0155 


g dry air 


(e) Basis: 1000 ft 3 of mixture at 740 mm Hg and T 

Entering Leaving 

Vol % H 2 0 = 0.676 % Vol % H 2 0 * 2.43 % 

Vol H 2 0 «(0.00676)(1000 ft 3 ) = 6.76 ft 3 Vol H 2 0 * (0.0243)(1000 ft 3 ) = 24.3 ft 3 
@ 26.8 *C and 740 mm Hg @ 21.0 # C and 740 mm HG 


6.76 ft 

1 tb mol 

492°R 1740 mm Hg| 18 lb 24.3 ft 1 

i 1b mol 

740 mm Hd 

|492°R| 

[ IS lb 


359 ft 3 

540°R J760 mm Hgjlb mol 

1 359 ft 3 

760 mm Hgj 

|530 # Rj 

[lb mot 


0.30 lbH 2 0/1000 ft 
at 80° F and 740 mm Hg 


= L101bH 2 O/l000 ft 
jat 70°F and 740 mm Hg 


(0 


Entering 

0.30 

0.99324 


Leaving 

1.10 

0.9757 (continued) 
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= 0.302 lbH 3 0 /1000 ft l vapor freeairj j= U 27 lb H,0 /1Q00 ft 3 vapor freeair | 

(g) Basis: 800,000 fWday at 80°F, 740 mm Hg 


Entering 

Vol % air = 99,324 % 

Vol dry air = (800,000)(0.99324) 

= 794,600 ft 3 

Vol H 2 O vapor = (800,000)(0.00676) 
= 5400 ft 3 at 80°F, 740 mm Hg 


= 4790 ft 3 at SC’ 


Leaving 

Vol dry air =794,600(^) 


« 779,900 at 70°F 

Vol % = 97.57 % 

779 900 3 

Total vol - = 799,300 ft 3 

Vol H 2 0 vap = 799,300 - 779,900 

= 19,400 ft 3 at 70°F, 740 mm Hg 

,9 ’ 400 (ill (S ) =17(535 a,sc 


Water evaporated = 17,535 - 4.790 = 12,745 ft 3 at SC 
r = 639 lb H 2 0/day 


12,745 ft 3 

1 lb mol 

181b 


359 ft 3 

lb mol 


Part g could also be worked using part f and the volume of dry air: 

Entering Leaving 

794,600 ft 3 dry air 779,900 ft 3 dry air 
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0.302 lb H 2 O/IOOO ft 3 dry air (see f) 

1.127 lb H 2 0/1000 ft 3 dry air (see f> 

794,60010.302 ^ 

- 22L | 1000 “ 240 lbH ^° 

77 9,900| I|.^I27 _ 879 [b h 2 ° 

Water evaporated = 879 - 240 = |6391bH,0 / day] 


18.17 


p H , 0 at 70°F = 19.0 mm Hg 

p’h,o at 140°F = 149.4 mm Hg 

p Hj0 at 70°F - (19.0) (0.50) = 9.5 mm Hg 

p Hj0 at 140°F = (149.4) (0.80) = 119.4 mm Hg 

Basis: 760 mol wet air in, or use 200 lb H ,Q entering 


.. ('750.5'!_ 
Balances: Air:t —IF 
k 760 / 


H,0:(—F+(——1 
2 '7607 V 


r^r> 

^ 760 > 

(i!£> 

^ 760 / 


119.4 mol H 2 Oout 

750,5 mol BDA in 

140 mol H 2 Oout 

or ’ 640,6 mol BDA out 

760 mol W.A. in 

760 mol W.A. in 


140-9.5= 130. 5 


mo!H 2 Oevap. 
760 moi W, A. in 


760 mol W.A. ini 

750.5 

200 lb H 2 0 

lb mol 

359 ft 3 

530 

130 5 mol H ,6! 

760.0 

hr 

181b 

lb mo) 

492 


24,700—BDAin 
hr 
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18.18 


Basis: 1000 ft 3 wet air at 30°C and 740 mm Hg 

Ph 5 o = 1.253 in Hg 
— 31.9 mm Hg 

p tir = 740-31.9 - 708,1 mm Hg 


10001 

131.81 

a 

o 

to 

u> 

l i 

i l8 l 

II 

1 

1 740 | 

|760|303| 

P59| 

1 1 

V 


(b) ]953 ft 3 dryairat 740mm Hgand 30°C| 

or 1000 ft 3 al 708.! mm Hg and 30 'C 


18.19 

p*25°C “ 23.8 mm Hg (3.17 kPa) 

P*19.5°C = 1^*0 mm Hg (2.27 kPa) 

Assume a constant total pressure process for (I). 

(1) At 100 kPa, p H?Q is constant and the saturation temperature is the temperature at 
which the water vapor starts to condense, namely 19.5°C. 
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H H-,0 Ph ? 0 _ 
n « y «i« 

^(oi Ptal 

Exit composition 
mol fr. 

Air 97.73 0.99795 

H,0 0.908 0.009205 

98.683 1.0000 

The material balances: 

Final 


To remove 60% of water vapor (40% is left): 

n 2 » 0.4 (2.27) = 0.908 mol 
All of the air is left, n A ii = 97.73 

P*hj3 ” ,00 f_°- 908 _)= 0.9205 kPa 

1.97.73 + 0.908; 

(6.906 mm Hg) 


Initial 
mol or kPa 

Air: 100-2.27-97.73 

H 2 0: 2.27 - 2.27 

100.00 


(a) 6.91 mm Hg corresponds to |6.22°C,] 

(4) At constant temperature, the pressure increases until 

y (Hph - 0.9205/100 * 0.009205 (saturation at 25°C and Pj) 


(b) 


Pij yr« ? oj 2 


_ 3.17 kPa 
P ' ! 0.009205 


1344 kPai 


(c) Process (1) is probably more economical because the 344 kPa requires higher cost 
equipment. 
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18.20 


C * 
t*co 



(Dry) 0 ± Ctll 
\ *Q0 


ors<ct 

CO x 0.10 


= 


0t % L 

Ni o-5-X 

r.OO 


fePo. 


Basis: I mol P 


Unknowns: x, F, A, y 0n , W 


Balances: C, H, 0,N plus dew point for H 2 0 is given so mol fraction H 2 0 is 
known 


All balances are in moles. 


C; 

Fx 

= 

P(0.10) 

H: 

F(l-x) 


W (2) 

N2: 

A (0.79) 

- 

P (0.9 - y„,) 

02: 

A (0.21) 

= 

W 

P (0.10+ >',,) + — 


x - 0.33 


l_-x = H = a667 = Pg 
x C 0.333 - 
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Note: This problem will give different results depending 

on the source of the vapor pressure data (steam tables, Antoine Eq., 

CD, Perry, etc.) 

I H»0 


(WER 


U°c (3SSK) 


SOOO >n«l._ A -I S _j 

hr WuhmVJair CcnoEMSeft H«i«a air | 

S‘CC3/SK) W °’ C ( ^° K) 

p-AmkA. w 

(steam tables p* - 8.214; paper steam tables p* - 8.143; CD p* = 8.181) 
Basis: 5000 kg mol air 


?*Am 

Ph,o 


Ph.oQQ0) 

8.143 


Ph j0 = 7.329 kPa 

7.329 „ 


Yh,o = 


- 0.0698 entering 


(a) The mol H.O entering »■ (5000H0.0698 H349 kg mol H,0/ hr[ 
H,Q balance on condenser: 


Solution! 


Chapter 18 
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For minimum cost: 
d$. 


dT 


= 0 = 


<f(P)' 4 + (350-T)!' 9 ] 

4. 

df(p) ! 4 + (3S0-T) 1 9 1 

dT 

P 

d P 


dp 

rdT 


where dp/dT - (2.3) (1 75,28) (p)/(T-3 8) 2 . Solving the equations simultaneously, 
economical values are |5,8 psia, 76°C~| 


18.23 


Air *(LejlC> 
oji o*. 


COj. woX 



*S*t (& . 


® > 

ASSURrR 



CQUZR 



3l*c 


C0 2 

16.7% - 

. 

C0 2 

14.6% 

0 2 

4.1 

tie 

0 2 

6.2 

n 2 

79.2 

100.0% 

component 

n 2 

79.2 

100.0% 


For dry air leaking: 

Basis: 100 kg mol dry gas to absorber 

CO? Balance : 


100 kg mol at (§) 

16.7 kg mol C0 2 

14.6 kg mol C0 2 

100 kg mol at @ 


1.144 - 1.00 - 0.144 mol air leaking in/mol gas at (g) 
You can calculate the same result using C, O, and N balances 
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0.144 kg mot air leaking 


l .00 kg mol (A) 


l.00kgmolgasat(A) =0 |26mold[ya . r/mo| (B) 


1.44 kg mol at (B) 


0.126- 


m air at T and p 


m 3 dry gas at ® at T and p 


If we assume that the gas leaving the cooler is saturated with water vapor at 32°C: 
= 4 ' 72 kPa ‘ 

P*y 8 «=l 01 - 3 - 4 ' 72 = 96 - 28 kPa 

n i(iial,iB _ Plotil _ _ j (J 52 

Pd)>MS,tB 96-28 

n^.,» = 100(1.052) = 105.2 kg mo! 


!Wsi = at T and p _ 0.144 _ 


V„„, at T and P 105.2 


0.137 


m 3 at T and p 


m at T and p 


18.24 

Basis: 1 hr 400 (0.50) - 200 lb dry sludge 
200 lb dry sludge 


10 lbH ? 0 

22.2 lb H 2 0 leaving 


Sludge Balance : 

in out 

Weight of H 2 0 removed - 200 - 22.2 = 177.8 


(continued) 
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Less centrifuge removal - 100,0 

Wet water remaining (goes into air) = 77.8 Ib/hr 


70 °F 

50%RH I 


760mmHgj 


dry air] 


100°F 1 

94°Fdewpt I 
750mmHg J 


p* - 0.363psi - 18.6 mm Hg 

Ph 2 o - (0.5)18.6 = 0.0124molH,0 [BDA = bone 

pair 750.7 mol BDA 

p* - 0.790 psia - 40.8mmHg 
p H?0 =40.8 =0.0577 mol H 2 0 
pair 709mol BDA 


0.0575 - 0.0124 = 0.0451 mol H 2 O gained/mol BDA 


1 mol BDA | 

177.8 lb H z O| 

[1 lb mol H 2 0 

0.0451 molH 2 q 

| 1 hr 1 

18 lb H 2 0 


lb mol BDA 
hr 


Volume of moist air req* d is: 95.7(1.024 



(359) = 


37,920 ft 3 at 70°F, 760 mm Hg 


18.25 


Basis: 100 lb mol dry air in fresh feed 

ft ~ 


^ J I 


A ? 7 07 . » 7S~F. 


Priej. PftJm t 


£ 




Solutions Chapter 18 


Assume p= 14.7 psia 


System: mixing,pomt(A) 


1 p* 70 = 0.3628 psia (0.7387 in Hg) 


p H ,o= 3628 (.95) = 0.345 
p air = 14.7-0.345= 14.355 


F 


P| 


P^= 0,1217 psia (0.2478 in Hg) P ;,= 0.4296 psia (0.8748 in Hg) 


Ph,o~ 


p Hl n= 0 4296(.70) = [OJOOl 


p u , =14.7-0.1217 = 


14.58 

14.7 


* 14.7-.300 = 


14,4 

14.7 


Unknowns: R P| 
Total: F+ R = PI 


Balances: HaO t air 


H 2 Or 




solve with F « 100 or another basis 


R = 396.2 lb mol P, = 496.2 lb mol 


outside air = ^ = 0.2 recycle - = 0.8 

496,2 4%.2 
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18.26 


h 2 o 

100% 

(*)/~\ f 

200 Ib/hr 

-1- 

P’ k p 

70°F 

50% RH 1 
14.62 psia 

dewpoint 
■ 100°F 


140°F 

80% RH 

! 0.15 psig = 14.77 psia 


R 140°F 


80% RH 

0.15 psig (14.77 psia) 

Barometer ~ 14.62 psia 
Data about compositions 


I_ F' _ PandR 


Pji,o • 

0.3628 

0.9487 

2.887 

PhjO 

(0.5)(,3628) 


(0.8) (2.887) 


-0.1814 

0.9487 

= 2.3096 

Putlal 

14.62 

14.77 (assumed) 

14.77 


14.4386 

13.8213 

12.4604 


Basis: 1 hr (better than F or P * 100) 
Overall : Balances 2, unknowns 2 (F, P) 
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H,0: 

Air: 



Solution: 

F = 65.09 
P-76.20 • 


Total: F 


200 

18 


=>P 


Mixing point (Ak Balances 2, unknowns 2 (R,F') 



Solution: 
R = 36.56 
F'= 100.7 


Total; F + R = F' 


n » RT ? 

Pk 



Pp 


Th-T ( , 

p« = pp 



36.56 

76.20 


1048 ! 
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18.27 

Steps 1 -4 : 


478 lb Bz 

(6.121b rool) A , ( | brn0 |) 
Exit air 65°C ^—i 
PToi = 765 mm Hg Abs 1 
RH - 0.70 
mm Hg 
PBz =329.7 

p gir -435J (8.08 lb mol) 

Proc “765 


75°C 

100% air 

Pair “ Plot ~ 770 mm Hg Abs 



F Feed 781 lb/hr 

- 31% S 

6 9% Bz 
100 % 


wet crystals 


Step 5 : Basis: 1 hr 


0.25 lb Bz (60.5 lb 

]_!h S (242 lb) 

1.251b 


(2421b) 
(538.8 lb) 

MW Bz - 78.11 


Step 4 cont’d : Calculate composition of A 2 


p*B 2 at 65°C = 471 mm Hg abs. 

Pbz “ 0.70 (471) = 329.7 mm Hg abs 
Pair ~ 765 - 329.7 = 435.3 mm Hg abs 

Data: Vapor Pressure of Bz. 


T..CCL 


60.0 396 

65.0 47 J 

70.0 553 

75.0 650 


Solutions Chapter 18 


760 

Steps 6 and 7: 


Overall system: 

Balances: air, Bz, S (Total balance not convenient - don’t mix lb and lb mol) 
Unknowns: A, A 2 W 


Steps 8 and 9 : 

S (lb): 

air (lb mol): 

Bz (lb mol): 


Balances in 

781 (0.31) 

Ai (1.00) 


Out _ 

W (1/1.25) 



W = 302.61b 


(W) 

Al(0> + 781(69) 302.6(0.25/1.25) 329.7 

78.11 78.11 2 765 


Solution: A 2 = 14.21 lb mol 
Ai - 809 lb mol 


(a) 


8.09 lb mol air 

359 ft 1 

75 + 273! 760 


I lb mol at SC 

| 273 1770 


= 13654 ft J l at 75°C and 770 mm Hg abs. 


(b) With the present design, A will either (a) build up in the system, or (b) exit with the 
crystals, or (c) both. 

To remove the A from the S in the product, a separator of some sort must be placed (a) 
before the feed, (b) after the feed but before the column, or (c) after the column but 
before the filter. 




























Solutions Chapter 18 


18.28 


System: the reactor 

Basis: l mol pure benzene feed to reactor 


(a) feed N 2 : 


18 mol 0 2 

79 mol N, 


21 mol 0 2 


^ - 67.7 mol N, 


total output mol: 


67.7 mol N 2 

1 mol out 


0.80 moi N, 


= 84.6 mol (dry) 


output C 4 H 4 0 4 : (84.6 mol) (0.0076) = 0.643 mol 

From stoichiometric Equation (1): moles benzene reacted = 0.643 mol 

FbO entering with benzene: benzene is accompanied by H 2 0 vapor; benzene 
and H 2 O are at their respective vapor pressures. 


T 

p Hj o(P sia ) 

P B ,(psia) 

180°F 

15.681 

7.510 

n H;0 

Ph,o 

7.51 


**bou*l* 

PbeiuenD '568 


1 mol benzene in 

7.51 moles H,0 


15.68 moles benzene 


Ptoial a-B-Sja 

23.191 


= 0.48 mol H, enter the reactor 


FfoO entering with air: 


Solutions Chapter 18 


pur) 


0.5 p* H r,at 150°F = 3.718 psia 


P Hp 


Ph.o = (0*5) (3.718) = 1.86 psia 


Pair = 14.7 - 1.86 = 12.84 psia 


n H,o _ Ph.o _ 1 86 mol ~ Q _ 84.6 mol air 

1.86 mol H.O =I22?mol 

n ®. P.ir *2-84 

12.84 mol air 

Total mol H 2 O entering reactor = 0.48 + 12.27 > 

= 12.75 mol H 2 0 

Element Balances about the reactor 


In 

Out 

H-.0 C 6 _H« Oj. Nj H.O N. Qj 

CO 2 C 4 H 4 Q 4 

20 Balance: 


~1 + 1 (0) + 18 + 0 = | + 0 + y 

+ z + 0 + 2(0.643) 

2H balance: 


12.75 + 3(1) + 0 + 0 = x + 0 + 0 + 0+ 3w + 2(0.643) 

C balance: 


0 + 6(1) + 0 + 0= 0 + 0 + 

0 + z + 6w + 4(0.643) 

Total mol balance is not possible but we know from extra information given (N 2 = 80%) 

that the total exit mol are = 84.6. Four equations and four unknowns exist so the degrees 

of freedom are zero. Consequently, on dry basis: 

(continued) 





























Solutions Chapter 18 


84,6 = 67.7 +y + z+ w + 0.641 

Solving simultaneously (the answers are sensitive to round off in the previous 
computations): 

x= 13.98 y-13.62 z = 2.48 w = 0.16 
Moles of benzene undergoing reaction by Reaction (2) = 1.0 -0,16 - 0.643 = 

10.20 mol per mol Bz feed| 


Another approach is to use the extent of reaction: £ = 0.0164. 
Balances around Dehydrator 


mol H 2 0withC 4 H 4 0 4 : 2^2|||=4.72mo 

mol H 2 0 by reaction: 0.643(1) - 0.643 mol 

Total 5.36 mol 


(b) 

(c) 


lb H 2 0 5.36 mol 

18 lb H,0 

lb mol benzene 

lb mol H,0 

Exit gases from scrubber are 

Como. 

mol 

n 2 

67.70 

0 2 

13.62 

co 2 

2.48 

CsH 6 

Q.16 

Total 

83.96 

H 2 0 

21M 

Total 

105.9 


mol % 


63.9 

12.9 
2.3 
0.2 
20.7 


100.0 
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Calculation for H 2 O vapor 

Gas is saturated at 142°F 

p h,o = 3.04psia Pg,, = 14.7-3.04= II. 66 psia 

—1 " 7 ^^ -0.261 n H , 0 = 0.261(83.96) = 21.9 

U..J 11.66 

(d) Water Balance about Scrubber : 

mol H 2 0 added = 21.90 + 4.70 - 13.70 = 12.90 mol 


lb H,0 added _ 12.90 mol 

181bH,0 

lb mol benzene fed 

1 lb mol 


= |232 lb H,o| 
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19.1 

F~2-P + C = 2-2 + 2=g 

19.2 

F=2-P+C 

(a) F“2- 2 + I = U 

(b) F=2-3+2= [T| 

19.3 

a. F = 2-P + C 
C = 3 

P = 2 (assume that p is not unreasonably high) 
F=2-2+3=@ 

b. Possible variables are: pressure 

mol or mass fraction of 
H,0 

acetic acid ? only 2 are independent 
ethyl alcohol] 


19.4 

(a) F = 2-P + C = 2-P + 2 

if F = 0 
P = 4-F 
Max IP =4l 
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(b) F= 2-P + C 

3 = 2-2 + C lc = 3l 

19.5 

C^l 
P = 2 

F - 2 - 2 + 1 ~ 1 

19.6 

C = 3 (0 2 , N 2 , H 2 0) 

P = 2 

F = 2-2 + 3= [ 3 ] 

19.7 

The number of components is 3, but one independent reaction exists among them so that 
C = 2 

NH 4 Cl(s)^KH 3 (g)+HCl(g) 

P = 2 

F = 2- 2 + 2= [ 2 ] 

19.8 

(1)F - 2 - P + C 

(continued) 
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The rank of 

CaCQ3(s) 

CaO(sl 

com 



Ca 

1 

1 

0 



C 

1 

0 

1 



O 

3 

l 

2 


'1 0 9 






i 1 0 

is only 2 so C ~ 2 




3 2 0 





J 

P = 3 henceF = 2- 

3 + 2=1 



19.9 





(a) F; (b) F;(c) F; (d) T; (e) T; (f) T 




19.10 

Henry’s Law is p = Hx, a straight line with no intercept. A plot of the data indicates 
Henry’s law fits the data well. 
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| + im<*oo»ao C d»y— | 


toon-. 

-;—]— 

~n 


7 

soo 




/ 


< 

--"-1 

j 1 

—j 


/ 



POO- 




A 

A 



wo- 

400 - 

1 



/ 




.*• 


7 







7 






200 “ 

I / 







ir *>« 

J r 






_ 


A 1 







O OJ « 
8 1 
0 < 

i" i 

3 < 

3 < 

1 ‘ 
% 1 


- ; 

5 1 
3 < 

J 40 

5 0 
3 0 


Fraction ol K2S **>* 


19.11 

Use Henry’s law p - Hx. The MW of CHC1 3 is 119.4, The total pressure is 1 atm. 

x = — = — 1.41 x 10 ^ mol fraction 

H 170 

The concentration in mg/L is 

Water : - 55.6 g mol/L 

The number of moles of CHC1 3 is 

1-1.41x10 


Concentration = 


119.4 g 

7.84xlO J gmol 

1000 mg 

gmol 

1 L 

1 g 


= {940 mg/L] 
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19.12 

p - Hx where p is in kPa and x is mol fraction 
The mole fraction of O 2 in the gas phase is y 0 . 


y - Po > - Hx °: 
Picul Plolil 


The moles of 0 2 and H 2 0 are: 


6 mg 

1 18 

10 3 L 

1 g mot 0 5 

L 

|1000 mg 

1 m 3 

n g o 7 


= 0.1875 gmol/nT in water 


H,Q: - 55.6 x 10'gmol/m* 

0.1875 


0> 55.6xl0 3 + 0.1875 

p Tctt) - 1 atm y 0: 


= 3.37x10^ 


4.02x10 6 kPa 

1 

3.37x10^01 fr. 

mol fr. 

101.3 kPa 



= 0.134 


Basis: 1 L gas 


(101.3 kPaXO. 134)1 

1 atm 

It L 

(B molXK) 


18 g 

11000 mg 

O.tO] mg 

perL 


IOi.3 kPal 


|o.08206(LXatm) 

[290 K 

l g mol 1 

>g 
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19.13 

Steps 2. 3. and 4 : 


Lh 2 o=? 



saturated 

Step 5 : Basis: 1 min (85 m 3 entering gas) 

Steps 6 and 7 : 

Unknowns: n„ f0 , nj 0? , Air 

Equations. Material balances: H 2 O, SO 2 , Air 

Vi > HXj 

Steps 8 and 9 : 


The liquid and vapor are assumed to be in equilibrium at the exit, and the water is 
saturated with SO 2 so that 


Vi “Hx, 

0.03 - (43) x SOj = so that x SCK = 0.00070 mol fraction 


(continued) 
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Material balance SO 2 (moles): 

G (0.03 - 0.003) * L (0.00070 - 0) 


The respective flow rates are 

<3 _ UJSlIiJISSLi— - 3540 g mol gas 
| 0.024 m J 

L = (3540) (38.4) = 137*10 J g mol water 
In terms of kg 

a. L = (136) (18) ~ |2450 kg/min| 

19.14 

Steps 2 .3. and 4 

Pioui = 1 atm and at 60°F the vapor pressures are: 

P*Tolume - 16 Him Hg ? Bonn* = 60 OUTI Hg 

Assume the mixture to be ideal so that Raoult's Law applies 

Step 5 : Basis: 1 mol liquid 

Steps 6-9 : 

yi =J^=2^ 

Ptoui Pt«j 


3 8 , 6 «gf.&P 
g mol air 
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For toluene: For benzene; 

y..- ! »a.ESa 

The balance is air. 

0.0126 Toluene _ 

0.0316 Benzene [The vapor is flamable.| 

0.0442 Total 

19.15 

Use Raoult’s Law. P™ =Pp0~ x b) + P*b x b 

From Perry the vapor pressures are: 
p Propel* = 16.3 atm p buu* = 4.3 atm 

p Tout = (100/14.7) atm = 6.80 atm 

6.80= 16.8(1-x B ) + 4.8x 9 
x b u u* ** iodfll assuming the liquid phase is essentially all of the mixture. 

19.16 

Mole fraction in the liquid phase is given by solving the following equations for x fe : 

and y w -p™x w 4>i«. to get x 6i = (p Toul -pV)/(pV-p'w) 

The corresponding equilibrium mole fraction in vapor phase (y) is, 

_ (continued) 
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y, “ P\x 5 /p Toul 

Using these equations for the various temperatures given, the following data for x and y 
are obtained for the total pressure of 1 atm 

ICQ_&L_ 

$0 1.000 1.000 

92 0.508 0.720 

100 0.256 0.453 

110.4 0.000 0.000 


From the above-calculated data, the following T~x diagram can be drawn. 


T-x et diagram 
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19.18 

Use the Antoine equation or the physical property package on the CD to get the vapor 
pressure of pentane (P) and heptane (H). Assume ideal liquid and vapor. 

Basis: Data given in problem statement 

2477 07 

In p*p(mrn) -15.8333- —p ? ~ 283.6 mm Hg (5.48 psia) 

2911 32 

In p’h (mm) = 15.8737 - p h - 20.6 mm Hg (0.40 psia) 


Convert mass fractions to mole fractions: 


(continued) 
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Basis: 100 g liquid 



g 

MW 

gmol 

mol. fr. 

p 

20 

72.15 

0.28 

0.23 

H 

M 

S6.17 

0£2 

0.77 


100 


1.2! 

LOO 


Equations to use, i * P and H 


Sy 4 = l 


* 


,£*l 

Plgtri 


x P + x H - 1 p™ = (2816X0.23) + 20.6(0.77) - |S0.95 mm Hg| 

Ptoui Proui 



Ptosa! 


y„-^(0.77). 


0.90 

0.10 


1.00 


3.19 in Hg 
10.8 kPa 
l .57 psia 


19,19 

The mole fractions of each component are needed to apply Raouk’s law. Assuming a 
basis of 100 g of solution, we can construct the following: 



e 

Molecular 

weight 

Mol 

Mol 

fraction 

Water 

25 

18 

1.39 

0.37 

Methanol 

75 

32 

2.34 

0.63 




3.73 

1.00 
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Raoult’s law is used to compute the vapor pressure (p*) of pure methanol based on the 
partial pressure required to flash: 

p = xp‘ 

p* - p/x = 62/0.63 = 98.4 mm Hg. 


Use the Antoine equation to get T 


ln(p') = 18.5875-———- ■ T = [293 K] (20°C) 

-34.29 + T 


19,20 


Data: 

MW o* at 60°C 

Benzene (B) 78.1 51.3kPa 

Toluene (T) 92.1 18.5 kPa 


Assume ideal gas and liquid. Apply Raoult’s Law. Calculate mole fractions in the 
liquid. 

b. x„- 78( =10541] 

1 1 

78.1 + 92.1 


*t —imh 


78d + 92T 


a. The equations to use are 

ytPm=^Pr 

y B + yT=i 

yu+Xr^l 

(continued) 

























Solutions Chapter 19 


Solutions Chapter 19 





p„, =X D "'pn +x tP 't = (0.S4I)(51.3) + (0.459X18.5) - i36.2 kPi 

(b) What will be the composition of this first bubble? 

= x E p\, (0.S41X51.3) _ Igjgg 

V * p„ 36.2 L ^- J 

y T = i-y.=il3 


19.21 

Data: 


d* at-31.2°C (kPa) 

Propane (P) 160.0 

n-butane (B) 27.6 

Assume ideal solution and vapor. Use Raoult’s law 

(a) ypP^=x p p'p y P + y B = i 
y»p,.rf=x B p'» y.+y„ = i 


y P 



(i-y,)?™. -O-Xp)?*, 


More manipulations give 


_ _ P,^-P'p 

X P 7— 

pr-ps 


101.3-26.7 

160.0-26.7' 



x B -1 

-0.56 = 

0.44 


(b) 

<0.56)(160.0) 

101.3 1 -' 

v D =1-0.884=10^161 

(c) 

For propane 




VC 


x 

-J'— 


-0.5 


0.0 

0.0 


-16.3 


0.196 

0.577 


-31,2 


0.560 

0.884 


-42.1 


1.0 

1.0 


T*Xp flrapJi for praparuM-butane 



19.22 

Basis: 1,0 lb mol of mixture @ 200°C 

Data:________ (continued) 
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p‘c, @ 200°F = 14.7 psia 
p*c, @ 200°F = 5,5 psia 


Mole fraction C 7 

0 

0.2 

0.4 

0.6 

0.8 

1.0 

Partial Press C 7 

0 

2.94 

5.88 

8.82 

11.75 

14.7 

Partial Press Cs 

15 

4.40 

3.30 

2.20 

U0 



5.5 

7.34 

9.18 

11.02 

12.75 

14/T 



c 5 /d *4 O.C 0‘*4 *•*- o 

fAot* *Cn*+iHM 


C 7 =0.47; p Toi = 11,7 psia 
For p C7 ~ 10.0 psia 

p ci =1.7 psia 


19.23 Assume ideal solution. 

For the bubblepoint 

PTAUl = PVT)X ! +P*2 (T)Xj (1) 

Piaj” 200 psia or 10,342 mm Hg 
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Xi (mol ftp 
0.20 n-pentane 


0.80 n-hexane 


p’i = exp 


p'i = exp 


15.8333- 


15.8366- 


2477.07 1 
(-39.94+ T)J 

2697.55 1 
(-48.78 + T)J 


( 2 ) 

(3) 


p*i is mm Hg and T is in K 


Solve Equation (1) to get from Polymath T = 1447 Kl 


19.24 Assume ideal solution 
For the dewpoint 


Ptmu Pi Pi 

Ptoui “ 100 psia or 5,171 mm Hg 
y/mol fr.) 

0.20 n-pentane p‘i = exp 15.8333- 


0.80 n-hexane p *2 = exp 


15.8366- 


2477.07 1 
(-39.94+ T)J 

2697.55 1 
(-48.78+ T)J 


p\ is mm Hg and T is in K 

Solve Equation (l) to get from Polymath T = |413 Kl 


0) 


( 2 ) 

(3) 
























Solutions Chapter 19 


19.25 

Calculate the bubble point and dew point temperatures at 39.36 in. Hg - 1000 mm Hg. 
Use the Antoine equations to get p* based on the assumption the solution is ideal. 

g 

In p* - A- 1 = Benzene 

C+T 

2 ~ Toluene 


K, ln(K,) = ln(p‘i) - ln(p,) = ln(p*.) - 6.9078 

P, 

Calculate InK] and lnK. 2 . Solve the bubble point equation and the dew point equation by 
a computer code (or Newton's method) starting with T = 365K (slightly above p* for 
benzene). 

a. Bubble point temperature 
£ y, = l = 

If solution is ideal K } x^ and 0.5 & + 0.5 — -1 - 0 (1) 

Pi Pi P, 


Use the Antoine equation to gel p* 
2788.51 


Benzene p*i = 15.9008 — 


Toluene p *2 =16.0137- 


■52.36+ T 
3096.52 


-53.67 + T 

Solution of Equation (1) using Polymath: Bubble point temperature is [375K1 
b. Dew point temperature 
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Zx,=l = Z^ 


05 


05 


( 2 ) 


Solution of Equation (2): Dewpoint temperature is (381.5 K! 


19.26 

V 

p = 80 psia (5.45 atm) 

T-250°F(121.1°C) 

L r 

Assume ideal liquid and vapor exist. 

Vapor pressure data at 121°C from the Antoine equation (refer to problem PI 9.23 for the 
equations) 

p* (atm) 

Pentane (P) 9.07 

Hexane (H) 4.03 

pj,= p%x P = 9.07x p 

Pi.= PV>-x p ) = 4.03(1 -x P ) 

Ptcuu = 5 45 = Pp + Ph = *07x P + 4.03( 1 - *p ) 

b. Xp = 10.2821 (0.718 hexane) 

y P - - - r - = — = ]0.469l (0.531 hexane) (continued) 

Ptoij Pitnii 5.45 
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a. Basis: iF = 1 moll 

F = L + V L-t-V 

F (x F ) - Lx + Vy 1 (0.40) = (1-V) (0.282) + V(0.469) 
L= lfl.37 moll V= 10.63 moll 


19.27 



v« 

y" 


1 designates component A 

2 designates component B 

For each of the separation units we can write a mass balance and an equilibrium 
relationship, e.g., Raoult’s Law. 


_^ v 

yt 

F 
*1 


L 

xi 


Sep. 

Unit 


Material balance on Comp. 1 


Fz,=Vy, +Lx, 

(i) 

Raoult’s Law 


y.Proui =x.p'i 

(2) 

(•-y.JPTMi ”(l-x,)p*; 

(3) 
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Solve foryi in (1); 



(4) 

Introduce in (2): 





(vHv) X| p, “‘" x,p '' 

Basis: 1 minute 
Introduce the given values 


p*i - 10 kPa 

p *3 * 100 kPa 

F 1 -100 mol 

L 1 -50 mol 


V‘=50mol V°= 23 mol 

L n = 25 mo! 
z, = 0.50 
The solution is 


p* - lOkPa 
p* 2 = lOOkPa 

p*= lOkPa 
p* 2 = lOOkPa 

Unitl 

Unit II 

F 1 ” 100 mol/s 

L 1 = 50 mol/s 

V'= 50 mol/s 

Zi' = 0.5 

F u = 50 mol/s 

L u = 25 mol/s 

V n = 25 mol/s 

Zi“= 0.75975 

(continued) 
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x,’« 0.75975 «z,“ 


X," - 0.93391 

x 3 ’= 0.24025 ~ 2 ," 


x 2 " = 0.06609 

y' « 0.24025 


y," = 0.58559 

y 3 ' =■ 0.75975 


y 2 " = 0.41441 

P,J- 31.62 kPa 


P uJ = 15.95 kPa 


19.28 

Assume pentane is the major contributor to the gas-phase composition, 

y,=^- 


For Raoult's law, 

Pi =pI x i 

Using the Antoine equation, 
In (36) = 15.8333- 


1 x ■ 0.05 


2477.07 
-39.94 + T 


[T=242K] 
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p N'lpi*. @ 160 *F - 318 mm Hg 
P*h,o @ 160 *F = 245 mm Hg 
Basis: 6000 lb feed 

lb mol H,G 245 


(5000) (0.928) = 4640 lb pure Naptha 


lb mol Nap 318 


: 0.77 


W, n, M 
W 


lMl . Wi ^ 4640 (Q 77 ) = 600 lb H 2 0 Distilled 
n 2 M, 1 M07' 

1000 - 600 - 1400 lb H 2 0 left] 


(b) 


19.30 

Assume that the pressure at the bottom of the lake = Pco : 

p = pgh varies with height 

Avg. depth - 225 m 

p COl ^ * 10 3 kPa+ 1.01 X 10 2 kPa 


- 23 Atm 

Pco } ' Hx COs => x co? 


23atm 


0.0134 


L7xl0 3a % ol & 

If the entire 200,000 tons were saturated at pco but not supersaturated 


200,000 ton H,0 


1000 kg] lkgmol ,,, 1/vT1 

-—£-* 1.11 x 10 7 kg mol 


ton \ 18kg 


(continued) 
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°' 0l34= rTTxTtf “ is mol of CO 2 

n C02 - 1.51 x 10 s kg mol 

ng = y (1.5xl0 i X 8-3 | 4 M 273 ? = p^T^ 
p c0 ' 10l.3kPa 1 - 1 

Above would be the worst case. The CO 2 would be less; p CO} average might be a better 
choice to use in which case V TO< would be, say Vi the calculated amount. 


1931 

For multiple components, the vapor pressure varies with composition as well as with 
temperature, and to be precise the composition should be stated. 


19.32 


a. Apply Henry’s law to solve the problem. 

p = Hx or x - — 

H 

From the internet, H - 43,600 where x is the mole fraction in the liquid and p is in 
bars. 

Enriched gas 


(110X0397) kPa 

1 bar 


100 kPa 


43,600 bar 
mol fr. 


1.00x10* molfr. 
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b. To compare enriched gas with nonenriched gas 


VHL^ (110)(0.397) 

(i 10X0.21) ' 

\ ^ J nojvauKhod 

percent excess is: (100) = |89%1 


19.33 

Apply K values to solve the problem. Get the mole fraction of the compound in 
the liquid phase. 


Basis: 100 g water (5.555 g mol) 



g_ 

MW 

gmol 

gmol 

liquid 

x.fo]gLfcl 

_ 

vapor 

vimol fir.l 

Glycerol 

5.5 

92.08 

0.0597 

m 

5.555 

0.0106 

1 . 2 x 10* 7 

1 . 27 x 1 O ’ 9 

MEK 

LI 

72.10 

0.0153 

5.555 

0.00275 

3.065 

0.00843 

Phenol 

2.1 

94.11 

0.0223 

5.555 

0.00400 

0,00485 

L 94 X 10 T 5 


The mole fractions in the gas phase are in the far right hand column. Glycerol and phenol 
have the lowest concentrations. If volatization is proportional to the vapor phase 
concentration, only MEK. might be a problem. 
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The Langmuir equation is The Freundlich isotherm for a gas 


Q+A)p _ p + Ap 
y l + Bp l + Bp 


y = kp" 


y = uptake in mg mo)/g adsorbent and p is the partial pressure of the SO*. A. B, k, and n 
are coefficients in the respective equations. 

Fit the data using Polymath. The results are: 


Freundlich ; 


Variable 

Ini. guess 

Value 

95% confidence 

k 

100 

1.3807516 

0.1692861 

n 

3 

0.197042 

0.0345842 


R~ ~ 0.9676593 Fit is reasonably good. 
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Langmuir : 


Variable 

Ini. guess 

Value 

95% confidence 

A 

100 

-0.3169352 

3.775E-06 

B 

100 

0.2098918 

1.357E-06 


R 2 = 0.9850928 

(continued) 
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t 2 

) 4 « » 1 * » 

tfjMpo** 

20.2 


Refer to Problem 20.1 for the equations. Transformation of the uptake to mg mol/g gel is 

me mol 

ms mol/e eel 

2.456 

4.053 

3.247 

5.358 

3.571 

5.893 

4.762 

7.858 

5.248 

8.660 

6.168 

10.178 

7.413 

12.233 


Results from Polymath: 
Freundlich 


Variable Ini, guess 

k 1 

n 1 


Value 

2.2075306 

0.6259709 


95% confidence 

0.2616611 

0.2086725 
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R 2 -0.9446851 



Langmuir 


Variable 

Ini. guess 

Value 

95% confidence 

A 

1 

-0.961996 

4.453E-05 

B 

1 

0,001727 

4.674E-06 


R 2 =0.9027746 

(continued) 
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20.3 

Refer to Problem 20.1 for the equations, Transformation of the uptake to mg mol/g is 

0.0026 

0.0142 

0.0731 

0.1613 

1.0859 

1.5301 

1.7114 

1.8649 

1.9657 

2.0396 


Results from Polymath are: 


Preundlich 


J 


(continued) 
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Variable 

k 


n 

R 2 =0.9780993 


Ini, guess 

1 

1 


Value 

0.1074754 

0,4719338 


95% confidence 

0.0470479 

0.0733271 


Langmuir 


Variable 

A 

B 


Ini, guess 

1 

1 


Value 

-0.9831 

0.0065856 


95% confidence 

3.794E-06 

2.08E-06 


R 2 =0.9998068 



(continued) 
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20.6 

Step 5 : Steady State open process. 

Basis: i minute (100 lb moist air) 


Steps 2. 3. and 4 : 


lb 

H 2 0 1 

BD air _99 
Total 100 

100 lb Moist Air —-* 


Moist Gel - 


Dehumidifier 


XJbHjO 
lb G 


lb BD air 


0 ib H ? Q 
IbG 


Dry Gel (G) 


Assume p = 760 mm Hg 

Exit air is: 99 lb dry air and 99 x 10“ 3 lb H 2 0 

Calculate moles of water in the entering air to use in calculating the partial pressure of the 
water in the air. 

MW lb mol 

l lb H 2 0 18 0.0556 

991b air 29 3.4138 

100 3.469 

Steps 6 and 7 : 


Unknowns: Dry gel (G) and X 

Equations: H 2 0, dry air, gel balances plus equilibrium relation 


(continued) 


































Solutions Chapter 20 


Steps 8 and 9: 



Material balance on H 2 O (in lb) on the humidifier: 

Out 


In Accum. 

(10' 3 )(99) + XG 

1 =0 

Equilibrium relation: 


lb H,0 

( 0.0556^1 

■ 0.65 

X —= 0.037 

760 

= 0.190 

lb Cl 

V 3.469 ) 


1-0.099 = 0.190 G 

G - 

14.72 lb/min! 


20.7 

Step 5 : Basis: 1 minute (2 kg activated carbon) 
Steps 2. 3. and 4 : 




AC 



2 kg 

50g DE 


min ’ 

r kg AC 

BDA 



BDA 

Dt 40°C r . 



S£ r P 

3C 

0 h PE 


1 

kg AC , 

' AC 



BDA is bone dry air and AC is activated carbon. The dew point of the feed is 12°C. and 
the barometer is 770 mm Hg. MW of DE = 98.97 and MW of BPA is 29. 
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The entering concentration of DE in F is determined from the dewpoint 
At 12°C> p'de * 127.95 mm Hg 


Y f = Jik. = JL£! = *27.95 = groolDE 

" n BDA Pbpa 770-127.95 ' g mol BDA 


0.199 g mol DE 

98.97 g DE 

1 g mol BDA 

1 g mol BDA 

1 g mol DE 

29 g BDA 


0.679 g DE 
g BDA 


(19.7 g DE/g mol BDA) 


Steps 6 and 7 : 

Unknowns: DE in P and BDA in P 
Material balances: DE and BDA 
Steps 8 and 9 : 

DE balance (g of DE): 


*9.7 g DE 

n' bda g mol BDA ( 50 g DE 

2 kg AC 

1 g mol BDA 

1 kg AC 


nV g DE 

n F BDA g mol BDA 300 g DE 

2 kg AC 

g mol BDA 

1 kg AC 



The amount of DE in the exit AC is 


300 gDE 

1 kg AC 

kg AC 

1000 g AC 


- 0.300 g DE/g AC 


(continued) 
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0300 - 0.089 p° 51 p DK - 10.83 mm Hg 

The amount of DE in the exit air is 

= 0.0143 ' 

770-10.83 gmolBDA 


0.0143 gmol DE 

98.97 g DE 

1 g mol BDA 

1 g mol DE 


= 1.412 - 


gDE 


g mol BDA 
The mol fraction of the DE in the air is 


0.0143 

1+0.0143 


= 0.014! 


The g mol of an entering (and exit) BDA are (in 1 minute) 
19.7n+ 100 = l.412n + 600 

n = [323 g mol BDA/min] 


20.8 


Basis: IL saturated solution of nitrobenzene at 20°C 


^cc ”10 2 ” 7 =186 

x mass adsorbed frig) 


0.11 (1X1000) g C in soil 


0.19 g nitrobenzene 

1 g water 

10‘ng 

100 g water 

1 mL water 

1 g 


[x = 39 g nitrobenzene] 
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21.1 


Basis: 1 !b ir 


a. 4S..0Bftlp 52cal [ 1 lb nt - |2.5xl0 4 cal/kg 

lb” | I Btu |0.4S4kg '~Z — -— 


45.0 Btu 

1.055 x 

I0 3 J 

1 )b m 

lb m 

nt 

1 Btu 

0.454 kg 

45.0 Btu 

2.930 x 

10* 4 

(kW)(hr) 

[b m 

m 


1 Btu 

45.0JBtu 

7.7816 

X lo 2 

(ft)(lb r ) 

lb m 

m 

1 Btu 


i.048 x |Q 5 J / kg| 


0.454 kg 


2.91x10 


-:(WXhr) 


kg 


3.5xl0 4 (ftX%)/lb m 


21.2 


4.184 J 

9.484 x 10^ Btu 

1 g 

1°C 

(g)(°C) 

j 

2.2 x 10' 3 lb 

no 

1.8°F 

-41.6 J 

9.484 x 1 O' 4 Btu 

kg 

1 g 

kg 

J 

1000 g 

2.20 x I0“ 3 lb 

m 


1.00 




-0.0179 


Btu 


0.59 (kg (m) 

1 N 

(■» (">"') 

9.484 x I0” 4 Btu 

1 m 

|3600 $| 

f 1 K 

(s 3 )fK) 

(kg) (m) (s’ 2 ) 

1 N 

J 

3.2808 ft 

1 hr 1 

1.8°F 


Btu 


0.341 


(ftXhrX°F) 
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21.3 


6000 Btu 

252 cal 

hr 

ft 2 

(hr) (ft 2 ) 

Btu 

3600 s 

30.48 2 cm 2 


0.4521 


cal 


(s)(cm 2 


b -2.3-Btu 1252 cal lb |( A> 18 ° F - 
(lb) (“F)' Btu W53.6g[ (4 jo C 


2.3 


cal 


(gX°c) 


200 Btu 

1,055 J 

1 i 

ft |(A)i.8°F 

(HrXftX’F) 

Btu 

13600 

(30.45 cml (A)PC 


3.46 


J 


(sXcmX°C) 


10.73 ob f ) (ft 3 ) 

144 in. 2 

. Btu 

I , hm „, ,1.055xl0 3 j|(A)I.8°R 

(in. 2 ) (lb mol) (°R) 

ft 2 

778 (ft) (lb f ) 

(453.6 gmol| Btu 1 (a) °R 


8.31 


(g molX°K) 


21.4 


To convert to J/(min) (cm 2 ) ( ”C), we set up the dimensional equation as follows 


h 


0.026 G“ Btu 

1055 J 

1 hr 

f 1 « y 

f 1 in y 

1.8°F 

D 04 (hr) (ft 2 ) (°F) 

1 Btu 

60 min 

ll2in.J 

V 2.54 cmj 

1°C 


8.86 x 10*^ 


C ot, J 

D^^minXcm'X'C) 
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21.5 



c. Total energy consumed is the same. The higher power consumption is compensated 
for in the shorter travel time. 


21.6 


Basis: 10 11 watts 


10 8 W 

8.6057x10 s call 

! hr 

1 

(min)(cm 2 ) 

1 nr 


l0 3 (W)(hr) 1 

160 min 

lo.io 

32.0 cal 

(100 cm) 2 


-4.5xl0 4 m 2 |large| 


21.7 


975 W| 

|A m 2 |320 days! 

|24 hr 

l 5 l 

10.21 

3.6 x I0 4 J 

m 2 1 

i 1 

|l day] 

|M 


l(kWXhr) 


= 3x10^ 

A = 2.5xl0 ,, m 2 (2.5xl0 s km 2 ) 

The capita! cost is probably too great and the maintenance too high relative to other 
power sources. Also, the location would have to be in the far western united so power 
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would have to be transmitted over long distances, 
b. 3x10*^ 


10,000 Btu 

2,000 lb 

T tons 

1055 J| 

10.70 

lb 

ton 


1 Btu ' 

1 


T = 2.0xl0 10 tons 

2.0 xlO 10 
L7xl0 1J : 


= 10.0121 


21.8 

Yes. Watts are power, and if the energy is transferred for a very short period to time, the 
power can be quite large. For example, 1J (a very small amount of energy) transferred in 
l<Hs is 1 MW! 


21.9 

First substitute for T. F 
T tf -T, c (1.8)+32 
Next change units 

k = 


{a + b[T. c (L8) + 32])Btu 

1055 fi 

ini 

| lin 

1 hr 

L80’F 

(hrKft)(°F) 

1 Btu | 

12 in| 

[2.54 cm 

60 min 

10 K 


■l.OSfaf b(T. c (1.8) + 32] — / — ork> 1.05a+1.8 bT.+33.2 
L c J (mmXcmXK) 


21.10 


900,000 J 

(sX10 J )kW 

9x10’ J 3 

If 


(continued) 
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The answer is |yesj . 


21.11 

The trend is to advertise in a way that makes people select a product. And sometimes 
that just creates confusion. 

What the manufacturer is doing is basing the advertisement on the weight of the hot dog. 
A hot dog weights about 43 grams and has 8 grams of fat in it. They divided 8 by 43 and 
get 19 percent fat. They can round ii off to 20 and say it’s 80 percent fat free. 

But you are concerned with the percentage of fat in the calories . You want 30 percent or 
less to come from fat. 

Your figures are right. 


21.12 

(a) Some examples are: 

How far would you have to run to lose I kg of fat? 

32,000 kJ 1 1 km 

—’--- 80 km 

|400kJ 

about the distance of 2 marathons! 

(b) How many days would you have to reduce your diet from 2400 calories to 1400 
calories to lose one kg of fat? 

7700 k cal! I day 

-- i — = g days 

1 kg fat |1000 k cal 
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A main meal is equivalent to about 4000 kJ. A % hour is 900 seconds, so that (700 J/s) 
(900 s) / 1000 ~ 630 kJ, an insufficient amount of time. 

21.14 

(a)T; (b)T; (c) F; (d) F; (e)T 

21.15 

(a)T;(b)T; (c) T; (d) T; (e) T; (f) F; (g)F 


21.16 


partial pressure 

intensive 

volume 

extensive 

specific gravity 

intensive 

potential energy 

extensive 

relative saturation 

intensive 

specific volume 

intensive 

surface tension 

intensive 

refractive index 

intensive 

i 


21.17 

a. Intensive 

b. Intensive 
C. Intensive 
d. Extensive 


















Solutions Chapter 21 


21.18 


A closed system because no mass exchange occurs with the surroundings. 


21.19 


<a) 


240(N)(m) 

1J 


l(NXm) 


Basis: 40.0 Newtons x 6.00 m = 240(N)(m) 
|240J] 


(b) 


240(NXm) 

0.738(ft)(lb,) 


mm 


(c) 


(d) 


240(N)(m) 

1J i 

,0.239 cai r— 


l<N)(m)| 

| [J 

240(N)(m) 

IS 

9.478 x 10 A Btu 


mm 

1 J 


* 10.226 Btul 


21.20 


The work done by the cylinder-piston system is W = -p(V 2 *Vi) 

T- = [-4?.Skj[ 


350 kPa 

0.15-0.02 m 3 

lkJ 



(1 kPaXlm 1 ) 


Solutions Chapter 21 


21.21 


No work is done because the boundary of the system remains fixed. 


21,22 


Basis: 10 lb water (5 lb vaporized) 


The work done by the piston is caused by the water vapor expanding at constant 
temperature and pressure. Ignore the volume of the liquid water at the initial conditions, 
and assume the initial amount of vapor is also negligible. From state to state 2 
AV^ = 4.897 ft 3 / lb from the steam tables. For the 5 lb 

V, - (5 lb)(4.897 ftVlb) - 24.49 ft 3 


W = 


89.65 lb f 


144 in' 


l ft 2 


(24.49 ft') _ p3 | 6x[0i( i bf)( ^| 


21.23 


Basis: 1,2 ft 3 gas at 7.3 atm 


p of 1 atm =15,450 Ibf/ft 2 


pV“ = const 


V, u =(1.2)“= 1.27 


p|V, l> =(15450X1.27) = 19,620 


W»-fpdV = -fMdV-19.620f^ -J ,9 - 620 l V = 

JP“ J v l> ov 1_-0.3V“ Jv, 

(continued) 
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v n_ (V, U )(P,) _ 0.27X7.3) 

? p, “ 0.0) 

V, = 5.54 ft 5 

V, 03 = 0.2) Oi =1.06 

V 2 n3 sb(5.54) w =1.67 

W = i^LL.jJ ^09,620X0344) = L^ftXir 
0.3 11.67 1.06J 0.3 1 - 1 - 

21.24 

(a) T; (b) F; (c) T; (d) F; (e) F; (f) F; (g) T 


21.2S 

The comment is not a correct use of the term heat, which is a transfer of energy. 


21.26 

Conservation is confused with balancing. Heat is energy transferred from one system to 
another, and from the viewpoint of either system (for which an energy balance is made), 
heat is not conserved. Thus (a) is wrong, heat is part of a balance; (b) same as (a); (c) 
heat is not conserved - it is transferred and is part of the energy balance : (d) the answer 
should be no with the explanation offered. 
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21.27 


(a) 

Wrong. Heat is energy, not material, 

(b) 

Wrong. Heat is energy by definition. 

(c) 

Wrong. Heat is energy; cold is related to temperature. 

(d) 

Wrong. See(c). 

( e ) 

Wrong. Heat is a transfer of energy. 

>(0 

Heal can be measured, but indirectly via temperature, mass, etc. 

: (g) 

Wrong. See (a). 

(h) 

Ok except for “or can be stored” which is wrong. 

0) 

Burning produces a change in the state of the reactants and products, but the 
change is not heat. Heat transfer can result from the change in state. 

(i) 

Heat cannot be stored and hence destroyed. Heat trausfer can be terminated. 

21.28 


A better use of words than ‘‘absorbing heat” would be “to transfer heat”. Heat is really 
not “concentrated”. The internal energy of the medium increases. 


21.29 

(a) F; (b) F; (c) T; (d) F; (e) T; (f) T but debatable; (g) F; (h) F 
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21.33 


The density of air at 27°C and 1 atm is p =—■ 


101.3 kPal 

29 kg air 

(kg mol)(K) 1 



l kg mol air 

8.3l4(kPa)(m 3 )] 

300 K 


7 — 1.18 kg/m 3 


Power - ~ mv‘ - i(pAv) v 2 - ^ pAv 3 

Assume air flow through the windmill is equivalent to the average flow in a pipe of 
diameter 15m. 


= 8.94 m/s 


20 mi 

1.6!xlO J m 

1 I hr 

hr 

1 mi 

|3600 s 


Powcr= 


2 } m 3 




l(s 2 )J 1 

|(s)(W)l 

| 1 kW 

I(kg)(m 2 )| 

1 J | 

lOOOW 


Electrical energy = (74.46X0.30) = 122.3 kWl 


21.34 


Basis: 1 lb m of vehicle 


25,000 ir 

ii| 1 hr 

15280 ft 

hr 

13600 s 

| 1 mi 


(continued) 
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K.E, 


1.34 xloV|nb,|i _ :o „ , |0 7 (ft)Ob^ 


Sc 


r _ 2.08 x 10 (ft) (lb f )| I Btu 

S; |778 (ft) (lb f ) 

Heat capacity of, say, 1 Btu/(1b) (OF) gives 

- 20 Btu/lb m , 


2.68x 10 4 Btu/lb 


inJ 


l Btu 

20“F 

(lb) (°F) 



Essentially all the energy must be transferred to the surroundings 


21.35 


Basis: 2 kg mass 


12 kg 

19.80 ml 

|25 m 

i(J)(s 2 ) 


s J | 


l(kg)(m ? ) 


[2940 il 


211.36 


Filled reservoir 


7 m 


Assume 7 meters is a 
constant level difference 
hence h = 7m 


For one-half of the complete cycle (6 hours); 
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You can show that C p - C v +R 


M) _ 

'eu+a(pV)’ 

WJr 

cfT j 



For the idea) gas U is a function of T only (not of p or V) so that 




AU = Jc,dT = (3/2 R)(50) = 1624 j| 


21.39 


Basis: I kg steam 



AU = AH - ApV or use U values directly from SI tables or computer code. 


Data here taken from the steam tables. 
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State 1 fassumed saturated! 

State 2 (superheated) 

T 

250.5°C (523.5 K) 

650°C (923 K) 


482°F 

1202°F 


4000 kPa abs. 

10,000 kPa abs. 

P 

580 psia 

1450 psia 

V 

0.498 m 3 /kg 

0.04117 m 3 /kg 

AU 

2602 kJ/kg 

3338 kJ/kg 

AH (ref satd liquid at 0°C) 2801 kJ/kg 

3742 kJ/kg 


21.40 

Internal energy is the energy contained in the material of a system because of its 
molecular arrangement. Heat is energy that flows between the system and the 
surroundings because of a temperature gradient. Therefore they are not the same class of 
energy. 

21.41 

AH = AU + A (pV) 

When a liquid vaporizes A (pV) adds to AU. 

21.42 

AH and AU are zero because AH and AU are point (state) functions (variables). 

21.43 

None. The initial and final states for U and H are the same. _ 
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21.44 

The energy balance is AE = AU + APE + AKE - Q + W 



Q 

w 

AE 

AU 

(a) 

>0 

0 

>0 

>0 

(b>) 

0 

>0 

>0 

>0 

(W 

0 

>0 

>0 

>0 

(c) 

0 

>0 

>0 

>0 


21.45 


(a) 


Basis: 10 lb mol ideal gas 
Use pV = nRT 
A(pV) = A(RT) 


lOlbmoj 

359(f)) 3 

1 «>r. i™°R 


lb mol 

1100 atrW492°R 


(2) J 00a i m 222IE^ |jgoltinl 
500°R 


(3) AH = (H 2 - H i) 10 « 10 {300 + 8.0 (440) - (300 + 8.0 (40))] = 132,000 Btu| 

(b) The equation for H is based on the reference conditions where H * 0. 

H=0 when 300 = -8T or T re f = -37.5 °F * -38,5°C. U should have the same 
reference temperature. 

AU “AH - A(pV) = AH - ART for an ideal gas 
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Change units for H: 
First term: 


300 Btu 

1 !b mol 

1055 J 

- 697 J 

lb mol 

454 g mol 

| Btu 

g mol 


T 0f =1.8T. c + 32 


Second term: 


8.0 Btu 1 

1055 J 

lb mol 

(L8T. C +32)°F 

(lbmol)CF)| 

Btu 

454 g moJ 



* g mol 


H„ rT = 0 


AH = H t - H„ fT = H t ART = (RT) t -(RT), efJ (T is absolute) 

AU *697 + 595 + 33.5 T. c -R0U -T abs . reft ) 

T abs =T. c +273 
T^ref.t “ — 38.5 + 273 

AU = 1292 + 33.5 T. c - 8.314 1 (T„ c + 38.5) = 1215 + 31.5 T, r 


21.46 

Use the same reference state, so that 
AH - AU + A (pV) 

For one mole of an ideal gas: ~ RT 

AU ~ AH - ART 


= 6.05x10 s - 


J 


8.314 J 

10 3 g mol 

[(i00 + 273) - (273)]K 

(gmol)(K) 

1 kg mol 



- 6.05 x 10 5 - 8.314 x I0 5 


-2.26 xlQ* J/kg mol 
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22.1 


All of them. 


22.2 

(a) pump 



Q W 

Very little Yes 


system is the pump. Open, steady state. 

£U AH APB AKE 

No Yes(flow) No No 


<b) 


(c) 



system is the pump and motor. Open, steady state 
Yes No Yes No No 



System is the ice. Closed, unsteady state. 

No Yes Yes No No 


Solutions Chapter 22 



system is the mixer and solution. The 
process is closed, unsteady state. 


Possibly Yes 


Yes Yes Yes 


No No 


22.3 

a. System: can and liquid 

b. System: motor 

c. System: pipe and water 


Q = 0, W f 0 

Q = 0, W * 0 But motor may get hot. 
Q = 0, W*0 


22.4 

a. 



.— boundary 


(continued) 
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b. 

Q~ o 


Steam in . 
Energy in 




Turbine 





i...t 


» Steamout 
Energy out 




Work 



Battery 




Q = 0 
W*0 


22.5 

No. The energy ba lance is Q + W = AU, and for Q - 0 and since AU = 0 for an 
isothermal process I W=ol . 


22.6 

This is an unsteady state closed process 
Basis: 1 lb water 

Data from the CD 

Initial .Conditions Final conditions 

T = 327.8°F T = 327. 8°F 


Solutions Chapter 22 


p= 100 psia 


V = 0.018 for liquid and 4.435 for vapor V - 4.435 

H = 298.475 Btu/lb 


U = 298.146 Btu/lb 


V- 4.435 ft 3 

V = 4.435 ft 1 

At the final conditions the water is saturated vapor 

H= 1187.48 Btu/lb 

1105.46 Btu/lb 

T = 327.75 °F 
p- 100 psia still 

AH = 1187.48 - 298.475 - 1889.0 Btu/lbl 


AU = 1105.46 - 298.146 - 1807.3 Btu/lbl 


The energy balance is 


AU - Q + W 


W = 0 (fixed container) 


0 = AU= 1807.3 Btu/lbl 


22.7 


Closed unsteady state system 


Q + W = AU 60 + W = 220 

1W = 160 BtuUwork done on the system) 
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22.8 

Closed unsteady state system 
Q + W = AU 

In kJ: (30-5) + 0.5 - U f - 10 U r = 35.5 kJ 


22.9 

Closed unsteady state system 
Q + W = AU Q = 0 


W = AU — C V AT 


(100 W)($ hx) 1 1 kW 

3.6xl0 J kJ 

liooo W 

lkW 


mols of air - n = —■ 
RT 


(100 kPa)(100 m A ) 
303 K 


(kg molXK.) 
(8.3I4XkPa)(m'} 


= 3.97 kg mol 


1.8x10* = 30(3.97)(T-30) iT = 45 J c! 


22.10 

Closed unsteady state process 
Q + W - AU + A(PE) 


Solutions Chapter 22 


Ignore change in center of mass of the air 
Q = 0 assumed 

AU = 0 assumed (to get maximum elevation) 

W ~ 100 J 

100 = A(PE) - mgAh = (0.990 kg) (9.80 m/s 2 ) Ah (m) 
I Ah «10.3~ni1 


22.11 

Closed unsteady state system 

Use the CD to get data 


Basis: 4 kg steam 

Initial Conditions 

Final Conditions 

Given: T - 500K 

p * 700 kPa 

Given: T = 400K 

Known: V-0.320m 3 /kg 

Look up: V — 0.320m 3 /kg 

H = 2903.94 kJ/kg 

U-2680.51 kJ/kg 

Calculate V - 0.320(4) = 1.280 mVkg 

Look up (2 phase system) the 

quality (trial and error on the CD): x - 0.437 

H= 1486.81 kJ/kg 

U — 1408.23 kJ/kg 
p = 245.77 kPa 

Q + W = AU W-0 

Q-(1408.23-2680,51)(4) : 

= (-1272.3X4)- [-5,089 kJ| 

If you do not use the CD, AU = AH -(ApV) 
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22.12 

Closed, unsteady state process 


Initial conditions 

Final conditions 

V — 1ft saturated dry satd. steam (the basis) 

V - 1ft (know) + W 2 

Look up 

At p - 1 psia T = 200°F. The water 
is vapor 

V - 33.610 ft 3 /lb 

H= 1145.72 Btu/lb 

U a 1073.96 Btu/lb 
p* 11.548 psia 

From the steam tables: 

H = 1150.15 Btu/lb 

U= 1077.48 Btu/lb 

V- 392.713 ft’/lb 

Calculate the lb of steam 


m = ■ ' k I 1 * 1 ' = 0.02975 lb 

33.610 ft 3 1 


Q + W - AU 


a. |w - ol (fixed boundary} 


Q = AU 



b&c. AU-U 2 -U, = (1077.48) (0.02975)-(1073.96)(0.02975) = lo,105 Btul = Q 

d. The volume of the second tank is Vbmi = (392.713) (0.02975) = 11.68 

V, = 11.68-1-10.68 ft 1 
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22.13 

Closed unsteady state process for each stage. 
Q + W « AU overall 
Calculate the moles of gas : 


a. 



(1 atm)(0.3S7 ft 3 )(tb mol)(°R) 

(530°R)(0.7302)(ft 3 )(atin) 


» ll*10° lb moll 


(Basis) 


Known values 

A 

B 

C 

D 

p (atm) 

l 

1 

10 

10 

T(°F) 

170 (630°R) 

70 (530°R) 

70 (530°R) 

823 (1283°R) 

n (lb mol) 

lxlO' 5 

1 x 10' 3 

1 x 10~ 3 

lxlO' 3 

V 

7 

0.387 

? 

7 


For an ideal gas . C v = 5/2 R (has to be looked up or calculated) and U and H are functions 
of T only 


Also, A(pV) = A (nRT) 

Calculate some of the missing values 

V (lx|Q- , K0.7302X630) = ftl 
1 


Qxlor»Xft7302K530) ftl 

10 


b. 


(1x10^0.7302X1283) 30W37fti 
10 


(continued) 
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The work for each stage will be assumed to be jpdV (ideal process) 
W AB (constant pressure process) 

W--JpdV--p AB (V,-V A ) 


1 atm 

(0.387-0.460)ft 3 

2.72 Btu 



(atm)(ft 3 ) 


W QC (isothermal process) 

„ T r ... nRT ... f° 0J87 dV r *,0.0317 

w-I^—L — dV ~ nRT L v=- nRT ! |nV U 

= -(1 x 10° )(i .987(530)(ln 0. 1) = te^ZBtul 
W Cf) (constant pressure process) 

W JpdV - - p CD (V D - V c )--(1 0)(0.0937 - 0.0387) = [-0.550 Btul 
W nA (ideal adiabatic process) 

W -- JpdV = - J”^ dV However, both T and V vary. 

Instead use 

Q + W = AU Q = 0 R - 1.987 Btu/(lb mol) (°R) 

W = AU = nC.it = (l0° )(^y](630 -1283) = 


W ot .na = 0.199 + 0.891 - 0,550 - 3.243 = -1.74 Bm 
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h. iAH~0| (a cycle) 


i. For the overall process Q + W * AU. Because of the cycle, AU = 0, and 
thus Q - -W = 11.74 Btul ' 


22.14 


A closed, unsteady state system comprised of 2 tanks. Get the steam properties from the 
CD, Basis: 1 lb steam. 

State I 

State 2 

m= 1 lb 

1 lb* 

p * 600 psia 

p - 330.45 psia 

V-0.795 ftVlb 

V= 1.590 ft 3 /lb 

T = 500°F (960°R) 

T = 500°F (960°R)* 

0- 1128.19 Btu/lb 

1157.03 Btu/lb 

H= 1215.97 Btu/lb 

H «* 1253,98 Btu/lb 

V, “0.795 ft 3 

V 2 - 2V] = 1590 ft 3 * 

* used to get state 2 properties 

The closed system is Q + W = AU 

1 

AU — 1157.03 — 1128.19 - 

[28.84 Btu/lbi | 

W = 0 (fixed boundary) 

1 

O * AU = 128.84 Btu/lbl 


AH *■ 1253.98 - 1215.97 = 

[^olllm/tbi 
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22.15 

No. For each path Q + W- AU, and for the cycle l to 2 and back AU - 0. Addition 
gives 

(Qa +W a )+(Q b +W a )-AU m + AU,., =0 
<Q a +Q b )--<W a +W b ) 

Note: The equations in the problem used a different sign for W. A similar analysis 
applies to the second equation in the problem. 


22.16 

A dosed steady-state system. 

The cooling at the maximum efficiency is 


0.695 kW 

10.948 Btul 

13600s 


Id kWXs)| 

, l hr 


= 2372 Btu/hr 


not 5500 Btu/hr. 


The main question with the advertisement is: where does the energy go that is removed 
from the room if the unit does not require outside venting? 


22.17 

A dosed steady-state system 
Q + W = AU ~ 0 

Q = - W Q is negative (heat loss) 
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22.19 

Open system, unsteady-state. The system is the volume containing 1 lb of H 2 O at 27°C 
(liquid). At the end of the process the system contains nothing. The water leaving is at 
100°C because the atmospheric pressure is 760 mm Hg. 

Q + W = AH W-0 

Q = AH-H out (l)-H ia (0) 

The reference temperature for enthalpy is 0°C but the water is at 
27°C, = A |off , c 

Q = {! kg) (267S.6 - 111.7) kJ/kg = l2S58kjl 
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22.20 Basis: I lb H 2 0 at 212°F, 1 atm 

Data from the CD 


Initial (liauidl 

Final (vapor! 

180.182 

Btu/lb 

1077.40 

Btu/lb 

180.226 

Btu/lb 

1150.29 

Btu/lb 

0.017 

ft 3 /lb 

26.773 

ft 3 /lb 

P 

= 1.00 atm 




Non-flow process (unsteady-stated 

Q+W-AU 

AU » (L lb)( 1077.40- 180.182) Btu/lb = 897.22 Btu 
W = -JpdV =-(l atm)(26.773 - 0.017) ft'/lb (2.72) Btu/(atm)(ft 3 ) 

--72.78 Btu 

Q = 897.22 - (-72.78) = 1970.0 Btu I 
AH = 1150.29 -180.226 = 1970.0 Btul 
Flow process (unsteady-state) 

AU - Q + W -AH 

Assume the volume of the system is fixed at V = 0.017 fi J and that W - 0. Also assume 
that nothing is left in the system after the water evaporates. 

AU - U ruM) (0) - U inillt , (1) - -180.182 Btu 


Solutions Chapter 22 


Btu 

Q = AU-t- AH"-180.182+ 1150.29- [970.1 Btul 

22.21 

Treat the system (the cylinder) as an unsteady state flow system. 

AU = Q + W - AH 

W - 0 Q = 0 

U ls 'U l( =-(H wu -H ra ) 

U U = U T| <0jlm n r = final moles in cylinder 

Ui-U^k, J at! «, = initial moles in cylinder 

=0 

~ ^ 298 K. 50 

Let the reference temperature be Tr that makes H ft = 0. ignore the effect of pressure on 
the values of U andH. 

ft.-H t +C,(T fc -T # ) H s =0 

AU in out 

U Ii -U t -n r U ti -n 1 U 11 = ( n r“ r 'i) fi in“0 


(continued) 
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«r[C.(T-T,)-RT,]-« i [C > CT i .-T,)-RT ll ]=(n f -a l )[C,(T l .-T,)] 


= (n,-n;)[(C„+R)(T,„-T l )] 


Multiply all of the terms out to get (note terms with T& cancel): 
n f C w T = n f C y \ + n<RT in -n,RT itl C v = C P - R 


Insert pV = nRT to get n* and nf 
The equations reduce to 


R 2 

— - - for diatomic gas 
Cy 5 


n f C v T “ n f C v T ijI + n f RT i0 ~njRT m 


X 

T ift 


l + A_JiIK.l 

c v P,T,C„J 



IT-417K] 
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22.22 


The tank is an open unsteady state system, f stands for final, i for initial, in for 
in, m for mass in lb. 


Data: 

at 291°F and 50 psia at 14.7 psia saturated (212°H 


1179.39 

H 

Btu/lb 

1150.26 

1099.60 

U 

Btu/lb 

1077.37 

8.653 

V 

ft 3 /lb 

26.818 

W- AH 

W - 0 

Q = 0 

Hout ”0 


AU = -AH 

n f U f -^0; =(m f -m,)H m ~0 


V - 50 ft 3 so m, =* —- - 5.78 lb 
f 8.653 


m i 


50 

26.818 


1.86 lb 


5,78(U f )-1.86(1077.37) - (5.78-1.86) 1179.39 


U f “ 1146.56 Btu/lb at 50 psia 


T f -411°F 


(superheated) 
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22.23 

Basis: interval of 1 hr (1800 gal or (1800)(8.33) = 15,000 lb water) 
Open, unsteady state system. System is storage tank plus the water lines, 
AU=Q + W-(AH + APE) 


Data: 

35°F saturated water 

U Btu/lb 

3.025 

H Btu/lb 

3.025 

V ft 3 /lb 

0.016 


Ignore the water in the lines initially and finally assume no change. Also ignore the 
increased depth of the water in the storage tank. 


APE = 


100 ft 1 

15,000 lb 

g 

1 Btu 

1 

i 

gc 

7.7816x 10"(ft)(Ib f ) 


- = 1928 Btu 


Q- 




1000 Btu 

60 min 

min 

hr 


-5000 = 5.5x10 4 Btu 


15,000 lb [ 3.025 Btu 

lb 


= 45,380 Btu 


H ou , =0 (no flow out) 


U, “ 15,000 U T 

'7 ‘ 

U, ■ 0 (no water in the tank) 
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W = 


5 hp 


1 hr [0.30 


2.545x10 s Btu 


1 hph 


= 3,820 Btu 


The balance in Btu is 

] 5,000 U T - 0 - 5.5 x 10 4 + 3,820 - (0 - 45,3 80) -1928 
1J T = 6.82 Btu/lb 

From the steam tables for saturated water this value of U T corresponds to I39T I. A 
good solution would also be obtained by letting AU = C V AT s C P AT or 3.8 = (1)AT so 
that T = 3.8+ 35 & 39°F. 


22.24 


(a) (1) 


The general energy balance is 
AE-Q +W -A[(H + KE + PE)m] 

(1) (2) (3) (4) (5) (6) 

AE » 0 steady state flow process, one overall system (You can also pick 
two system, one the H 2 0 and one the benzene). 


H„0 


h 2 0 


Bz 


Y 

Q? 


(continued) 
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(b) 


(2) Q is the net overall heat transfer to and from the heat exchanger with the 
surroundings. 

It is essentially 0 if exchanger is well insulated, tf you pick 2 systems, 

Q is the heat transfer between the benzene and the HjO, and is not 0. 


(3) 

W-0 

no mechanical work in the process 

W 

AH*0 

for all streams 


(5) 

AKE-0 

negligible KE change 


(6) 

(1) 

APE-0 
AE = 0 

level exchanger assumed, 
steady state process 

|Q = AH| 

(2) 

Q 

not zero as isothermal 




(3) W retain 

(4) AH ?£ 0 the pressure changes even if T is constant 

(5) AKE - 0 pipe diameter remains the same, and the flow rate is the same 

(6) APE = 0 level pump lines 

Q + W = AH 
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22,25 


Unknowns 

RelationshinsfRl 

F 

(1) F-P + V 

P 

(2) 0.05F ■ XpP 

V 

(3) FH f + SAH s - VH v + PH, 

S 

(4) SAH s ~ Q 

Q 

T 

(5) Q = UA(T S -T V ) 

* V 

X P 


Yes, two measurements must be made to balance the unknowns and the relationships. If 

x p and T v are measured: 

solve (R5) for Q. (R4) for S substitute (R2) and (Rl) in (R3) 

and solve for F. Use (R2) to calculate P and (R1) to calculate V. Note that measuring 

T v and S is not satisfactory because this combination eliminates either (R4) or (R5) as an 
independent relationship. Also note that tf you neglect the vapor pressure of the organic. 

you can set T V = 212°F. 



22,26 


225 K 


278 K 


A* =489WA, A/^SCmj/k, 

v ,=0 ' 


© 


100 kPo 


System Boundary 



*2=60 m/s 

© 


tOOOkPo 


(continued) 
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Steps 1.2. 3, and 4 : 

Figure P22.27 shows the known quantities. No reaction occurs. The process is clearly a 
flow process (open system). Assume that the entering velocity of the air is zero. 

Ste p , 5 : 

Basis: 100 kg of air = 1 hr 

Steps 6 and 7 : 

Simplify the energy balance (only one component exists): 

! 

AE - Q + W ~ A[(H + KE + PE)m] 

(1) The process is in the steady state, hence AE = 0, 

(2) m, = m," m. 

(3) A(PE)(m) = 0. 

(4) Q - 0 by assumption (Q would be small even if the system were not insulated). 

(5) v, = 0 (value is not known but would be small). 

The result is 

W = A[(H + KE)m} = AH + AKE 

We have one equation and one unknown, W. AKE and AH can be calculated, hence the 
problem has a unique solution. 
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Steps2JLand9 


AH = 


(509 - 489)kJ 

100 kg 

kg 



- 2000 kJ 


AKE ~ ~m(v; - v^) 




\m kg 

(60 m J ) 

1 kJ 

J 

s 2 

1000(kg)(m J ) 



(S) 2 


— = m u 


W ** (2000 + 180) = 2180 kJ 
(Note: The positive sign indicates work is done on the air.) 
To convert to power (work/time), 


kW- 


2180 kJ 

I kW 

I hr 

I hr 

1 kJ 

3600 s 


s 



■ - EH jwj 


22-27 

(a) Steady state process assumed. 

AH = -i[(H + KE + PE)m] +Q + VV 

1. Ignore PE; APE - 0 

2. AKE is small so AKE - 0 


( continued) 
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3. No reaction 

4. W = 0 

5. (E, - E,) = 0, steady state 

|ah-q| 

(b) AE--[(H+KE + PE)m) + Q + W 

1. Ignore PE; APE =*0 

2. No reaction 

3. (E 2 -*-E l ) = 0; steady state 

4. Q = 0-assumed 

5. W = 0 

6. AKE =0 

| AH = 0| 


22.28 


System: gas 

E tj - E,,—a[{h + KE + PE)tn]+ Q + W 
a. no reaction 

-i[(H + KE + PE)m]=0, no flow 
AKE and APE of gas = 0 
|U„-U„=Q + W 
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b. Here W = 0 

uT-u„°Q| 

c. Here Q = 0, 

d. lu„-u„ °Q+ w| 

e. Here, the system is the gas Q-0, W = 0 


22.29 


Basis: l hour 


inout conditions: 


500 F }h,= 1264.7 Bm/lb 

250 psi) 


Exit conditions: 


14.7 psi 1 h sv = U50.4Btu/lb 

15% liquid} h SL =180.07 Btu/lb 

- 

H 2 = 0.15(180.07) + 0.85(1150.4) 

(continued) 
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- 1004 Btu/lb 

The simplified energy balance is: 
mAH = Q + W 

AH = 1004-1265 « -261 Btu/lb 
mAH --261,000 Btu 


86.5 hp| 

Si hr 

| 1 Btu 

! 

1 


j2.93*10 J (hp)(hr) 


Thus, Q = mAH - W = -2.61 *)0 5 + 2.2*10 5 - - 4 . 1 xl o 4 Btu 
hence, not adiabatic. 

22.30 

Basis: 1 lb air 

The energy balance is in the steady state. The system is die value. 
A[(H-t KE + PE)m] = Q + W 

if AKJEsO W = 0 

APE = 0 Q = 0 

Hence AH - 0 

AH m JCpdT = 0 
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(a) AT = 0 or [T, “250 tt[ 

Since AH - 0 (the kinetic energy term was negligible), the steady-state constraint requires 
that the mass flow rate be constant: 


m * pvS = Constant where: p - density 

v = velocity of the gas 
S - cross-sectional area of pipe 

Since the diameter of the pipe does not change and density is a function of temperature 
and pressure, the gas velocity is also a function temperature and pressure. 


100 lb Air 

i 1 lb mol 

359 ft 1 

I 1 hr 

I 1 

1 hr 

29 lb Air 

1 lb mo! 

3600 s 1 

|jt( 1.5/12 ft) 3 


= 7.0 ft/s 


Therefore, the velocity downstream of the valve is: 
= 3.2 ft/s 


7.0 ft 

250 K 

l atm 

s I 

273 K 

|2 atm 


22.31 





Steady-state process. Basis: 1 second 


(continued) 
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m(H M -HJ = Q + W 

To get H iB use the steam tables or a G p equation. Using constant C p is not the most 
accurate method, but for liquids for small temperature changes, it is a good 
approximation. 

(*h)(C p )(T„ ul - T i(1 ) = Q + W 

Because the tank is well-mixed, the outlet water temperature is the same as the 
temperature inside the tank T. 

T = Tout 

m(C P )(T~T tQ )-lOO(20-T) + 3CO 

1 kgll min l kg 

m - -7 s —— - --- 

mm | 60 s 60 s 

C p =4180 J/(kg)(K) 

— (T - 40) = 100 (20 - T) + 300 


1t^3o.o°cI 
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2232 







\ 

T 5 =? 





15 kW 



T t = 17°C 




Pi« tOO kPa 

1 




Vj = 150 niVniia 

Assumotions 



1. 

This is a steady-flow process since there is no change with time at any point, 
hence AE = 0. 

2. 

Air is an ideal gas since it is at a high temperature and low pressure relative to its 
critical point. 

3. 

The kinetic and potential energy changes are negligible AKE = APE = 0. 

4. 

Constant specific heats at room temperature can be used for air. 

The 

simplified energy balance is 




Q + W = AH-m<H,.,-H„) 




Q = -200W 

W= 15 kW 



Assume that with little error 


(continued) 















Solutions Chapter 22 


AH = CpAT with C p -LOO kJ/(kg)(°C) 

Otherwise you will need tables or a data base for the properties of air. 

The ideal gas law gives the specific volume of air at the inlet of the duct 

V = . [(0.287 kPa)(m')/(kg)(K)3(290 K) __ 

1 Pi, 100 kPa B 

The mass flow rate of the air through the duct is determined from 

V, 150 mVmin (1 min') . „ , , 

m - --r— - = 3.0 kg/s 

V, 0,832 m /kg^ 60s J * 

Substituting the known quantities, the exit temperature of the air is determined to be 
(15 kJ/s) -(0.2 kJ/s) = (3 kg/s)[1.00kl/(kgK , C)](T„ -17)"C T» = bl.9‘cl 


22.33 


The procedure is correct only for an open, steady state system. 

(a) If the evaporation occurs from an open, unsteady-state system of fixed volume; 1 

AU = Q + W -AH 

W-0 

AU - Q - AH 


Data: 

U b , uid -419.5 kJ/kg 

U Vipi>r = 2506.0 kJ/kg 

H„,„, =419.5 kJ/kg 

-2675.6 kJ/kg 
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Assume only 1 kg of water is in the system at t = initial. At t = final, 0 kg of water are in 
the system. 

u «-0 

lUr (I kg) (419.5 kJ/kg) -419.5 kJ 
H m =(\ kg)(2675.6 kJ/kg) = 2675.6 kJ 
H in =0 

-419.5 = Q - (2675.6-0) | 

i 

Q * 2256.1 kJ j 

(b) If the evaporation occurs in a steady-state open system, m in is in kg and m b -!~ m oul . 

The process is isothermal. 

W-0 AU ** 0 


OUT IN 

Q = AH=[(m,-l)H„ ua 4 


H„=A lwid 

Q = (I)(2675.6- 419.5>= 2256.1 kJ 

The answer in the solution is ok, but note that the equation AU = Q- pAV refers to a closed 
system, not an open one, in which the vessel expands against the atmosphere. This viewpoint is 
ok. but an unlikely procedure. 

i 
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22.34 




. r, = 4oo°c * ij 


Open, unsteady state system - the adiabatic turbine 
AU-0 Q-0 A.PE = 0 


W = AH + AKE 


Data from interpolating in the SI steam tables 


At 600°C and 100 kPa 


At 400°C and 100 kPa 


3697.9 H(kJ/kg) 3278.2 

0.4011 V(m J /kg) 3.103 


The velocities at the inlet and outlet to the turbine are calculated from the 

volumetric flow rate - mV»^-v where d is the pipe diameter. Therefore, 
4 


4rh^ 
t td 2 « 


(4)[2.5^-|o.40H ^ 
(3.I4I59X0.1 m) ! 


and 


^ = ,58.0 “ 
s 
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AKE = jjj(2.5)^158.0 2 - 

127.7 ! )f— I kJ/s= 10.82kJ/s 

liooj] 

AH = (2.5)(3278.2-3697.9) kJ/s=-1049.25 kJ/s 

W = -1049.25 + 10.82 = 

1038.4 kJ/s 


(1038.4 kW) 














Solutions Chapter 23 


23.1 

Any correct examples will be satisfactory for (2), (3), and (4). But for (1), liquid 
to solid, there are probably no examples. If any, they would be pathological cases. 

23.2 

Sensible heat refers to the enthalpy change when a compound goes from one temperature 
to another without a phase change. Latent heat is the enthalpy change that occurs during 
a phase transition. Generally latent heat is much greater than sensible heat. j 

23.3 
Yes. 

23.4 

I 

(1) Solid melting, 

: 23.5 

i 

(a) 1; (b) 3; (c) 5; (d) 2; (e) 4 

The boiling temperature is at 4 reading to the left scale (100°C) 

The freezing temperature is at 1 reading to the left scale (0°C) 

23.6 

AL fil0(M1 — AH fusion — A(pV) fus)0I? 

A(pV) - p(V Md - V wUd ) s 0 because there is essentially no change on melting for most 
substances, and whatever change there is, relative to AH tefon , the ACpV)*,^ is very 
small. 
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23.7 

Vapor pressure equation: 
log P = +8.10, (Tin K) 

CJausms-Clapeyron equation: 

d (log p) _ AH V 
dT 2.303 RT J 


Differentiate the first equation: 

d(logp) = d f -6160 | 1Q j = + 6160 
dT dTL T j T : 


Equate the two equations: 


AH V _ 6160 


2.303 RT’ T ! 


AH V = (6160) (2.303) (R) 


[1.987] 

[28,190 cal/g mol 

«(6160)(2.303)11.987 U 

28,190 Btu/lb mol 

[8.314] 

[ll 7,950 J/g mo! 


- - ■— -——-— -“——-- 

i 

23.8 

Equate the derivative of the Antoine equation (d In(p*)/dT) to the equivalent in the 
Clausius - Clapeyron equation 

200°F = 660°R * 366.7 K 

dp* _ AH V ignore V, 

! dT T(V K *V,) insert pV = RT 

1 RT . - 
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dp* = AH V 
dT 


(?) 

dp* ., * d Inp* AH V 

- dtip* sothat —=f 
p* dT RT 2 


d logioP* _ AH V 
dT 2.3 RT 2 

Antoine eq: log, 0 p* “ 7.9046 - 

Differentiate the Antoine equation: 


T K =T. c +273 

2366.4 


T. + 230 


dlog,oP* . 0 2366.4 AH v 

dT (T k - 43)“ V 2.3(1.987)T k 2 


_ (2.3)(8.3MX366.7) 2 (2366.4) 
v (366.7 -43) 2 


58,070 


J 


gmol 
2.49x10* Btu/lb mol 


23.9 

C 6 H 6 MW = 78 
dp* _ AH V 


dT T(V g -Vf) 

pV - RT for 1 mol (basis) 
AH =841.5 - 423.8 = 417.7 J/g 


Assume: AH V is constant, ideal gas 
V >>V, 35®C~308 EC 


dp* _ AH, 
dT 


(?) 


dp* _ AH V dT 
p* R T 2 


Integrate between 308 EC and 320 K 
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-1.5554- In p' J5 


417.7 J 

78 g 


0.1218X10' 1 

g 

1 gmol 

8.314 J 

K 

(g mol)(K) 



“0.4771 


P *35 = |0.1310 atm] 


23.10 

T c = 540.2 K p c - 27 atm 


AH, 


0.0331-0.0327 + 0.0297 log (pj 
~T h >_ \ 


kJ 


1.07-f 3k 


(g mol) (K) 


AH V =31.679 -=- 
g mol 

The percent error is negligible in view of the precision of the data. 


23.11 

From Appendix D1 the normal boiling point of benzene is at 353.26K, T c = 562.6 Ki and 
p t = 48.6 atm. 

Riedel’s equation is 


AH V = 1.093 RT C 


Zb x (^P C “1) 

T c 0.930-(T b /T c ) 


1.093 

8.314 J 

562.6 EC 

353.26 K 

[fti(48.6)-l] 


(g mol)(K) 


562.6 EC 

0.930-(353.26 K./562.6 K) 
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AH, = 30641 J/g mol or |30.64 kJ/g mol| 

The experimental value from the Appendix is 30,76 kj/g mol. 


23.12 

AH V =312.13 kJ/kg at T, = 152.4° C ; T < =360 ,, C 
Molecular weight = 120 

—100 

- - | = 340.3 kJ/kg 

360-152.4 J 


23.13 

The following vapor pressure data are needed 



Tf°a 

p(mm Ha) 

Ice 

A 

3.280 


-2 

3.880 

Water 

+2 

5.294 


+4 

6.101 


In the Clausius-CIapeyron equation the heat of vaporization is a function of 
temperature; however, if it is assumed to be independent of temperature the equation can 
be integrated to give 

ln F^ = _AHTjO 

p„cr,) R U V 

a result that is also valid over small temperature ranges when AH vjp is temperature 
dependent. The integrated equation has been found to be fairly accurate for correlating 
the temperature dependence of the vapor pressure of liquids over limited temperature 
ranges. 

(a) For the ice sublimating 
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_ ln[p^(T 2 )/p, ub (T|)] ^ 13.280 


3.880 


1 1 


1 


1 


- - 6130 K. 


271.15 K 269.15 K 


so that 


50.97 


kJ 


g mol 


(b) For the water vaporizing 

AH, ln[p.. P (T ; )/p t „ [ ,(T 1 )] _ ta l5^94j 


i f 6.101 

h s5m 


T, T, 


AH v . n *= (5410 K) 8.314- , 

1 (gmol)(K)j 


= 5410 K 


277.15 K 275.15 K 


44.98 


kJ 

g mol 


(c) For fusion of ice 
Since 

AH Mb - H(vapor)-H(solid) 
and 

AH vop =H( vapor)-H(liquid) 
it then follows that 


AH ft5 = H(liquid) - H(solid) = AH Jub - AH^ = 50.97 - 44.98 = 


5.99 


kJ 


g mol 


(d) At the triple point temperature Tr, the sublimation pressure of the solid 
and the vapor pressure of the liquid are equal; we denote this triple 
point pressure as pr. Use the integrated equation for both the solid and 
liquid phases to get 
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and 


AH. 


^ = 6130 = - 



T t T 


AH„, 

R 


= 5410 = - 


T t 271.15 



T t T 


T t 275.15 


The solution to this pair of equations is Tt = 273.3 K, and pr ~ 4.63 mm Hg. The 
reported triple point is 273.16 K and 4.579 mm Hg, so the estimate is quite good. 


23.14 


Given: 


Basis: l.Ogof n-C 4 H l0 
(sp.gr) IWd =0.564g/cm’ 
l 


^ (0.564X1) 


= 1.77- 


( s P-gr)v. 


= 6.50 


V --:-= 119—- 

'** (6.50)(1.293) g 

=356.5 J/g 


1 337 

log I0 (p) = 1.767 +1.75 log w T-0.004T 

Apply the Ciapeyron equation for the vapor liquid transition at 30°C 

dp _ Aft,,, _ AH„, 
dT TAV TfV^-V^) 


If the data is consist it must satisfy the Ciapeyron equation 
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Thus, 

dp dlnp d(2.303logp) 

dT dT w dT 

= (2.303)p^-+(l .75)(2.303)i -0.004j(p) 

At 30°C 

log, .(P) = 1-767 -^ + 1.75!o glo (303)-0.004(303) 

= 1.767 -4.42 +4.35 -1.21 = 0.487 

Solve for p = 3.07 atm 

In this case 

— = (0.0528X3.07) = 0.162 ^ 
dT K 

AH„, 356.5 

TAV (303)AV 


(^356.5 -tj[4.13xl0" 2 (L)(atm)] 

(303 K)(0.l 19-0.00177)- 
g 

(356.5 )j"4.13xl0' 2 (atm)"jatm _,atm 

=------ 0.0995- 

(303)(0.117) K. K 


Conclusion: The given data are not consistent 


it shows 

dp > AH v* P 

dT TAV 

23,15 



Due to the density difference, the water had settled out at the base of the vessel 
below the heating oils and had remained cold while the oil was heated up to a 
temperature in excess of 100°C. When the agitator was started the water was brought 
into contact with the oil and immediately vaporized under the surface of the oil to form 
an enormous volume of steam. 
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Even if the operator had not started the agitator at this time it is highly likely that the 
result would have been the same. Some of the water would, in time have been heated to [ 
boiling point by conduction and the violent mixing resulting from the boiling process j 
would have achieved the same result. \ 


23,16 


Below log is log )0 . The critical temperature - 408.1 K 


C =A + BiogT r 


Basis: 1 gmol 


B = ; A = C p -BlogT,. 


logT r| -iogT f: 


C pi -97.3 \ -300/408.1 = 0.735 logT ti =-0.134 

C p , = 149.0 \ = 500/408.1 = 1.225 logT r; = 0,088 

A =128.5 B - 232.6 

at 1000K: T t =1000/408.1=2.45 logT =0.389 

r )0W & 'low 

C„ = 128.5 + 232.6(0.389) = |219,0 J/(g fflol)(K)i 

( 100 ) 227 227 . 6 9 ‘ Q =I ^ 

23.17 

Solution via Polymath: 

C p = 34.5864 + 0.03S6677T -7.9955 x ICHT 2 

C p = 34.8264+ 0.0326495T-1.45 x 10^T 2 -3.6363 x 10-*T3 


The heat capacity equation for NH 3 gas from Appendix E is 
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23,18 


A second order fit is only good above 300°C. As a guide for an answer: 
C p = 8.3810 + 7.9891 x 10*3 T- 1.5055 x 10' 6 T 2 


and 

C p = 8.4017+ 7.0601 x 10~ 3 T+1.0567 x lO^T 2 -1.5981 x 10- 9 T 3 

with average deviations of 0.55% and 0.36% and maximum deviations of 1.48% and 
0.91%. 


23.19 

Equation is 

C r = 36.7 + 0.0403T - 0.0000221 J 2 


23.20 


To convert J/(g mol) (°C) to Btu/(!b mol) (°F) 


... J . 1 

1 1 cal 1 

LLBtul 

1454 g 

(1 A°C) 

(gmoi)(°C)l 

[4.184 J|252 call 

! 1 lb 

(L 8 A °F) 


Hence the right hand side of the heat capacity equation has to be multiplied by 1/4.184. 


To convert the temperatures in °C to T in C F, substitute 


Tc 




To F -32 
1.8 


f.-gg.-T 

p l(lb molX°F>l 


p l(lb molX°F 

-3.054 xlO- 5 f -F7 . 32 V 

V 1.8 > 


17.20 +4.80 x 10 


1.8 > 

+8.308 x 1 O^f-^——1 

V 1.8 > 
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23.2! 


a. Tk - T°c + 273.2 so that 

Cp = 6.39 + 1.76 X 10-3 (T° c + 273.2) - 0.26 x 10-6 ( T . c + 273.2)2 
C p = 6.852 + 1.62 x lO- 3 T«c - 0.26 x 10^ T°c 2 
b. T«c = (T“f-32)/1.8 

To — 32 

Multiply the whole equation above by 1/29 to get Btu/(Ib)(°F) and insert To C =2 —^- 


6.892 cal 

454 g mol 

l Btu 1 

|1 lb mol 

1 A C C 

(g mol) (°C) 

1 lb mol 

252 cal 

| 291b 

1.8 A °F 


1.62 x 10 2 cal 

454 g mol 

1 i Btu 

l A°C 1 

fr.p-32| 

pel 

1 lb mol 

(g mol) (A *C)(‘C)I 

I 1 Ibmol | 

252 cal 

1.8 A °F» 

1 1.8 J 

1 —] 

| 29 lb 


0.26 x 10" 6 ca! 

454 g mol 

1 Btu 

1 A°C 

(T.p-321 3 

°c 2 

1 lb mol 

(gmoi)(A‘-c) 2 rcr 

1 lb mol 

252 cal 

1.8 A °F 

\ 1.8 1 


29 lb 


C p - 0.263 + 3.118 x 10“ s T. f - 2.765 x 10~’ T; f 


23.22 

Basis: 1 lb 

AH= }dH = H,-H,=1510Btu/lb T,=1000>F 

H, 

= }c p dT = 1.2(1000-T„)+5~(l000 2 -T 0 : ) 

T. 2 


2-lxlQ-* 

3 


(1O00 j -T o ! ) 


= 1200 -1.27; + 0.0025 X 1 0‘ + 0.7 X 10 6 X 10 ’ 


; 
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23.23 

No. The enthalpy and internal energy must be changes , and each has a reference point. 
The calculation should be 

AU = AH- A(pV)-(16,660 - kPa, 2S3K. ~Pref^ref ) 

If the reference for CO 2 is saturated liquid at 233K, AH re f- 0 kJ/g mol. If the reference 
is at the triple point of CO 2 , the enthalpy calculated is in error. 


23.24 

Differentiate the enthalpy equation 

= c (T) = 92.38 + 3,754xl0"T 
dT * 1 T 2 


23.25 

I Not valid! because introduction of T = 298 into the equation does not yield 

H(298) - H(298) 555 0. 


23.26 

Basis: 1 kgmol02 
OM AH vap 0,(g)_0 2 (g) 

satd. 9G.19K. said. 1.5 atm 

27°C 

AH W|> = 6.820 kJ/g mol 

AH = 6.820 kJ + [7.104(80.6 - <-297.7))] + 

.7 ,_ 2 . .00553xI0' 5 _.i ,_Btu 
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X 

r1055 J 

lib 1 

- -- - 

_ 1 Btu 

0.454 g 

-112.99 kJl 

23.27 

A H=2| 

250+273 (27 

.0*271 

.32+0.6226x 10- 2 T - 0.0950 x 1 O' 5 T : )dT 

[The CD gives 11,784.1) 

[AH = 11,980 J| < 


23.28 

Integrate the heat capacity equation, or interpolate in Table D6 in the Appendix. From 
the latter (easier) 

AH = -5 x 10 5 (29,154 - 9,665) = |-97,445 kj| 

23.29 

Integrate the heat capacity equation, use Table D5 in the Appendix, or use CD 
From the CD AH = 5789 J/g mol 

23.30 

Integrate the heat capacity equation, use Table D3 in the Appendix, or use CD 
From the CD AH 55 2580 J/g mol 
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23.31 

The volume of the wire is j 5.5 - tc-— ^ (5.5) = 0.27 cm"*, The density of A1 is 

19.35 g/cm 3 , so 19.35(0.27) = 5.22g or 0.194 g mol Ah From Perry, C p " 20.0 + 
0.0135T (T in K, C p in J/(g mol)(°C) and AH fus i on = 10,670 J/g mol at 660°C. 

j" 660 +273 “) 

AH = 0.194 |(20.0 + 0.0135T)dT+l0,670 | = 5560 J 

L 25+273 J 


5560(2.773 x 10“ 7 )= 1.54 x 10~ 3 kWh 

23.32 


Basis: 1 g mol 

Integrate the respective Cp equations in the appendix or use the CD. Multiply the 
resulting J/g mol by 0,80 and 0.20 for CH 4 and C»H 6 , respectively. 


Result using the CD: 


2.88x 10 7 J/kg mol| 


23.33 


Basis: 100 mol gas 

Comp . mo] 

CO 68 

H 2 30 

C0 2 2 

100 


AH Qlg moll relative to 0°C and 1 atm 
CO H 2 C0 2 


25°C = 

298 K 

728 

718 

912 


1500 K 

39,576 

36,994 

62,676 

1400°C = 

1673 K 

45,723 

42,724 

72,896 


1750 K 

48,459 

45,275 

77,445 
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1000 m*1 273 K 11 kg mol 
j i 673 K. 1 22.4 m’ 

= 7.28 kg mol 

Calculation of AH: 

kemol 

AH fleJ/ke moh AH(kJ) 

CO 7.28 (.68) 

*44,995 -222,743 

H 2 7.28 (.30) 

*42,010 *91,750 

C0 2 7.28 (.02) 

-71,984 -10,481 

1-325,000| 


23.34 

Basis: 1 g mol SO 2 (g) at 538°C 

AH = J (33.974-2.856 xlCT 2 T, c -8.79xlO^T^ c )iT 

538 v ' 

-75 .5 -101 

-K-24,940)4- J(1.28)dT4-(-7,401)4- J(0.958)dT 

-5 -7S.5 

= jw.97(-5-53 S) + --- S y‘°- 2 ((-S) 2 -(53S) 2 ) 

- 8.79 x 10 6 1- ( _ 5) 2 _ { 538 ) 3 ]_ 24>940+ { , , 28 )((- 75 . 5 )- (- 5 )] 

-7,4014-(0.958)[(-10l)-(-75.5)] = -22,133 - 24,940-90- 7,40!-24 =-54,590 J 


23.35 


K 

423 

!£ 

150.0 

!E 

302 

vapor 

i 



353.3 

80.1 

176 

satd vapor 

-> satd liquid 

i 


278.7 

5.5 

42 


Satd liquid 

satd solid 
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Basis: ( g mol 

From Table D.l in the Appendix. 
Benzene properties : 


Mol.wt. 78.11 Boiling point 353.26 K 

Melting point 278.69 K. AH va pori»tion 30.76 kJ/g mol 

AH fusion 984 kJ/g mol 


K 

!C 

423 

150 

353.26 

80.11 

278.69 

5.54 

253 

-20 


Heat Capacity Equation Coefficients : 

a b c 

Benzenefe) 74.06 32.95 xlO' 2 -25.20x|0' s 

Benzene(l) 62.55 23.9x 10' 2 

The C p equation is in °C hence the limits on integration should be in °C. AHi = 
£ 3 (74.064-32.95xlO' 2 T-25.20xl0 s T 2 4-77.57xlO'’T ! )dT =-11,790 J/g mo! 
Condensation 


d 

77.57x1 O'* 


AH, = -3.076x 10 4 J/g mol 


Liquid 


f 2n. 69 

AH 3 = ^ (62.55 +23.4 xl0‘ 2 T)dT «-l0J80J/g mol 


Fusion 

AH 4 =:-9.84xl0 3 J/g mol 


(continued) 
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Solid 


From Perry, 5 edition: 


C.(cal)/(g )CC) C_(J/(gmol)fC)) 


0°C 

-50°C 


0.375 

0.299 


If a linear relationship exists between Cp and T, 


C„.= H9J/(gn.o])CC) 

-11,790 



AH s = j 55 (119)dT--3034 J/g mol 

-30,760 


-10,180 

Overall, AH = £ AH, = -65.604 J/g mol 

i=l 

-9,840 


-3,034 

-65,604 


-65,604 

gmol 

lOOOg 

g mol 

78.11 

kg 


-8.4QX10 5 J/kg 


12,3 

97.7 


23.36 

T t ~ 573 K T 2 ~ 423 K. 


AH = m| r: C p dT 

f’C p dT = 7.24 AT-^x10" ; '(T ! . -T’, + -■ 0 1-. 10 ^ (T^ -T',) 


_T J .) =-1088.6-^!- 
4 ' '' k mol 


AH = (100 kg) (-1088.6 -^L) (^) (iliH) =-.2,467 kJ 
kg mol 36.5 kg k cal 
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AH = AU + A(pV) = AU + p(V 2 - V,) 

Assuming HC1 is an ideal gas 

V = — s0 pAV = nRAT 
P 

Then AU = AH-nRAT 

= -12,467 kJ—(100 kg)(-^-)(- 8 -- ' 4 i k j r ) (-150 K) = (^90S0kJl 
36.5 kg kg mol K 


23.37 

Basis: 1 lb mol 

6.00 lb mol gaseous H 20 ,4.00 lb mol CO 2 


Heated from 60°F (15.6°C) to 600°F (315.6°C) 
From appendix E for H 2 O: 


-f 


AH = I (33.46 + 0.6880 x 10 2 T + 0.7604 x 10 5 T 2 -3.593 x 10' 9 T 3 )dT 


= 33.46 (315.6- 15.6) + (315.6 2 - 15.6 2 ) 


(315.6 3 - ,5.6V^f^(3l5V- 15.^, 


AH = 1.045 oo 10 4 J/g mol 


1.045 x 10 4 J 

454 g mol 

9.484 x 10’ 4 Bui 

gmol 

lb mol 

J 


- = 4.499 x 10 Btu/Ib mol 


For CO 2 in Btu/(lb moI)(°F): 

AH = j (8.448 + 0.5757 x 10' 2 T-0.2159 x 10' 5 T J +0.3059 x 10' 9 T 3 )dT 
7 60 


(continued) 
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= 8.448 (600 - 60) + ft.?? 7 * . !? . (600 2 -60V — 10 1 (600 3 - 60 ) 

+ poo'-eo*) 

AH = 5.442 x 10 3 Btu/lb mo) 

AH = (4.499 x 103 Btu/lb mol) (6.00 lb mol) + (5.442 x 10 3 Btu/lb mol) (4.00 lb mol) 
fAH-'4.88x10“ Btul 

23.38 

Basis: liquid water at 32°F and 1 atm 

a. AH = 3(AH 300 ^ Umi -AH J2 . FJ al > J(ll»-0)-ES® 

b. Basis: liquid water at 40°F and 60 psia 
M,2-wm = 0 AH = 3(ni92-0)= [IM1 ^ 

c. Basis: liquid water 40°F and 60 psia 
AH=|AH 3 00 o F 60pRia ~ AH 40 «F.60ps4” 0 181.4-8.05) 

= 11173.4 Btul 

d. Basis: water-steam mixture of 60% quality 

State AH, Btu/lb 

1 60% steam - 40% water at 300°F; sat’d steam 1179.7 

2 80% steam - 20% water at 300°F; water 269.6 

AH-AH 2 ~AHj 

AH 2 = (0.80) (11 79.7) + (0.20) (269.6) = 998 Btu/lb 
AH, - ro.em n 1 79.71 + ro.401 (769.61 * 816 Btu/lb 
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. Enthalpy change needed = AH 
AH = AH 2 - AH, - jjUjjjSTTb] 

e. Basis: steam at 500°F and 120 psia 

AH = AHj-AH, =312.5- 1276.7= 1 ^ 954,2 Btu/lbl 

f. AH = AH^ - AH, -487.8- 1276.7 1788.9 Btu/lbl 



Data from text 
AH a = 1205.0 


AHb use tables in pocket 



5 psia 

|210“fI 

200° F 

1148.3 

250°F 

1171.1 

a. Enthalpy decrease 

7 psia 

1146.7 

1170.2 


V A -1.0451 ft 3 /lb 

V 8 

78.17 

84.24 

b. volume goes up 


38.88 41.96 

(h) 4Q_psia and 267.24°F 70psia/302 Q F 
sat steam/sat liquid liquid 

depending on heat supply 


superheated steam 

(continued) 
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(j)' 2.5 ft 3 tank of water @ 160 psia and 363,5°F. @ 160 psia 6363.5 total volume is 

occupied by sat steam 

V aMm = 2.834 ft 3 / lb => m sle!im = = 0.88 lb 

V Lkt/wa i c[ = 0.0182 ft 3 /Ib^m^K 1 •">»») 

v w«ct = 2J534 


. I 0 .OI 6 ft 3 


Vjieam =2.5-0.016 = 2.49 

Of 5 lb H 2 0 assume x lb is sat steam (5- x)lb is sat. water 

x{2.834)+(5-xX0.0182) =2.5 

=> x(2.834 - 0.0182) =2.5 -5(0.0182) 

_ 2.5 -.0910 _ 0 g, 

2.816 

|Yes, it is possible] 

(k) Enthalpy ofl 0 lb steam @ 100 psia - 9000 Btu 
Enthalpy/lb steam @ 100 psia = 900 Btu 
AH slcam @ 100 psia-1187.3 Btu 
AH walCT @ 100 psia = 298.43 Btu 
Let x be fraction of steam 
(1-x) is fraction of water 
(1187.3)x + (1-x) 298.43 = 900 

x(l 187.3-298.43) = 900 - 298.43 x = —p = 0.68 


or 
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23.39 


State 1 
T - 400 K 
p - 100 kPa 


State 2 
T = 9Q0 K. 
p = 100 kPa 


From the steam tables in SI units (interpolation required): 

(1) AH [ = 2729.8 kJ/kg (2) AH3763.6 kJ/kg 

AH = 3763.6-2729.8 = 1033.8 kJ/kg 


1033,8 kJ 

18 kg 

2 kg mol 

kg 

kg mol 



3.7217 x 10 kJ/2kg mol} 


Using the table for the enthalpies of combustion gases: 

(i) AH-4284 J/g mol (2) AH = 22,760 J/g mol 

AH = 22760 - 4284 - 1.848 oo 10 4 J/g mol = 1.848 oc 10 4 J/kg mol 

3.695x 10^kJ/2 kgrool] 


1.1848 kJ 

2 kg mol 

kg mol 



Using the heat capacity equation for steam: 


AH 


.(.vr - 273 ,<>< 

1 cpdT= l 


(33.46 + 0.6880 x JO' 2 T + 0.7604 x 10 5 T 2 


- 3.593 col0'9 T 3 )dT 


= 33.46(900-400) + 

--5 


0.6880 x 10 


-2 


900 -4Q0 2 ) 


+(900J -4oo3)-H21ii2l (900 4 . W) 


3 ” 7 4 

- 20,085 J/g mol * 20,085 kJ/kg mol 


(continued! 
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20,085 x 10 4 kj| 

|2 kg mol 

kg mol 1 

The steam tables are the most accurate value. 

4.017x10* kJ/2 kg mol 



23.40 


Basis: 5 ft 3 vessel Vapor -4 ft 3 , Liquid -1 ft 3 

Steam tables: Sat'd steam at 1000 psia 


%• 0.44596-^ 

V, = 0.02159 

ft 3 

ib 


h 

mass fr. 

lb 

| 0.02159 ft 3 

46.32 

0.838 

4 ft 3 ) lb 

[0.44596 ft 3 

8.97 

0.162 

m { = 

55.29 

1.000 


[Quality = 0.162| 


23.41 

We will use the steam tables for this problem. 

Basis: 1 !bofH 2 0 at60°F 
From steam tables (ref. temp. * 32°F): 

H = 28.07 Btu/ib at 60°F 
A - 1604.5 Btu/lb at 1 i 50°F and 240 psig (254.7 psia) 

AH =(1604.5-28.07)= 1576.4 Btu/lb 
AH = 1576(8.345) 13.150 Btu/gal 

Note: The enthalpy value which has been used for liquid was taken from the steam tables 
for the saturated liquid under its own vapor pressure. Since the enthalpy of liquid water 
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changes negligibly with pressure, no loss of accuracy is encountered for engineering 
purposes if the initial pressure on the water is not stated. 


23.42 


Basis: 3 kg H 2 0 

The initial conditions are obtained from the SI steam tables for saturated liquid. Enthalpy 
is a function of the temperature and pressure, but the effect of pressure on liquid water 
under these conditions is negligible. Therefore the enthalpy of water at 300K and 101.3 
kPa can be approximated by the enthalpy of saturated water at the same temperature but 
at the vapor pressure of 3.536 kPa. 

The final conditions are presumably a state in which water is all vapor. A check of the 
steam tables show this assumption to be true. 

At 


TOO 

pjkPal 

AH(kJ/kg) 

300 

3.536 

111.7 

800 

1500 

3384.3 

The enthalpy change is 

4H= 3kg 

(3384.3-111.7) kj - 



kg 


23.43 


Steady state flow process, no reaction 


700 kPa 



wet steam 


Dry steam, 100 kPa and 125°C 


AH = ? AH = 2725.5 kJ/kg 


The energy balances reduces to AH=0 for this process. At 700 kPa saturated (438.1K) 
AH l - 696.7 kJ/kg 

AH V = 2763.1 kJ/kg 

Let x = vapor fraction 

(l-xX696.7)+x(2763.1)= 2725.4 

x - 0.98 
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23.44 

Basis: 30 m 3 at 101.3 kPaand HOOK 


RT 


n = 332.3 gmol 


101.3 kPai 

30 m 3 j 

kg mol K 

1000 gmol 

hook 


|8.314 kPa(m 3 ' 

1 kg mol 


AH(J/g mol) 


AH 0) 


Comoound 

% 

g mol 

300K 

HOOK 

Final 

Initial 

0 2 

6.2 

20.6 

790 

26,940 

16,274 

554,964 

H 2 0 

1.0 

3.3 

905 

31,011 

2987 

102,336 

CO 2 

12.3 

40.9 

986 

39,802 

40,327 

1627902 

n 2 

80.5 

267J5 

786 

25,472 

210.255 

6.813.760 


100.0 

332.3 



269,843 

9,098,963 


AH = AH f „,-AH i ., H-S829 kj | 


23.45 

The amount of energy that the water gives up in cooling to 0°C is not enough to melt all 
the ice, since each gram of water will give up 209 3 in cooling, while heating 1 g of ice to 
0° and melting it requires that 2 x 40 + 335 = 415 J be expended (the heat capacity of ice 
is2.T/(g) rc). 


23.46 

[Yes] 40°F and saturated liquid is an arbitrary reference state for enthalpy that can be 
assigned a value of zero. Only enthalpy changes can be computed using the chart; the 
enthalpy itself cannot be determined. 
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23.47 



6H (bwuO 


a-1: 

V = 0.23 ft 3 /lb 

a-2: 

gas 

M: 

42°F 

b-2: 

mixture of liquid and vapor 

23.48 


Basis: 1 lb CO 2 Ref is -40°F satd. liquid 
AU = AH - A(pV) = (AH 4P;w - AH m ) - [(pV)„, 40 - (pV)„ r ] 


40 ib f 

3.2 o’ 

Jl44 in 2 J Btu 160 lb r 

0.0148 ft' 

144 in 2 

Btu 

in 3 

ib ra 

[ ft 2 |(778 ftKlb,) in ! 

lb. 

ft 3 

<778 ftKlb,) 


= 23.69 - 0.44 = 23.25 Btu/ib„ 
AU= (161-03 - 23.25 = [l38Biu! 
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23.49 


Basis: t g mo! CO 2 
AH = mj^ (a+bT+cT : + dT J }dT 


AH -m 


AH »1 g mol 


a(100 - 50)i-|(l00 j -50 2 )+|(l00 , -50 5 )+^(t00 < -50 4 )j 


36.11(100 - 50) + 4 233 (100 ! - 50 ! ) - 2,887 x10 (100 3 - S0 3 )h 


7.464x10- 


(100 4 - 50 4 ) 


|AH = 19561] 

From the CO 2 chart AH 2 t98-l78 - 20 Btu/lb or 2040 J/g mol. From the enthalpy tables 
(interpolating) AH * 1957 J/g mol. The CD gives 2038 J/g moi. 


23.50 


AH = I0(AH 2 - AH,) = 10(86 - 288) = 1-2020 Btul . The CD gives -1962 J. 


23.51 

Assume the temperature is 80°F, and the propane is saturated liquid and vapor. The 
corresponding pressure is the saturation pressure, namely about 2.3 atm. Another 
temperature would correspond to another pressure. After 80% of the propane is used, the 
conditions are still saturated liquid-vapor mixture at 80°F and 2.3 atm. 
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(1) System is the tank 

(2) Closed, unsteady 
state process 


(3) 


2ft 3 

81 b 

H 2 0 

JOO°F 


The 8 lb H,0 occupy 
0.129 ft 3 hence the rest 
of space is vapor. 

We will ignore the 
initial vapor (see note 
at end of solution) 


Basis: 8!bH 2 0 


^Initial data for H,0 are (satd liquid) 

(4) \ T= 100'F V — 0.01613 ftVlb 

' p = 0.9487 psia AH = 67.97 Blu/lb if neglect vapor 

Basis: 1 hr 


( The energy balance is 

AE = [AU + APE + AKEJimide = Q + W - AH - APE - AKE 
no change in PE or KE inside no mass transfer 
AU = W = AH - A(pV) = AH - VAp 


(6) W = 


0.25 hp 

0.7068 Btu 

3600s 


1 (hp) (s) 

1 hr 


“ + 636 Btu 


This proves to be negligible quantity 

1 


(7a) 636 - AH flll4) (8)- 


2 ft ! 

(P...,-0.9487) lb, 

144 in 2 

1 Btu 


in 3 

1 ft 2 

748(ft)(Ib f ) 


(4a) 
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Since p finil , and AH fijut are in the tables, you 

have to get a AH rmi] , and V ruja} vapor given an assumed p ftlMl 

that satisfy the equation. AH filllt will be composed of saturated 

liquid and vapor. AH L (8- m) + AH v (m) = AH finar . m - lb vapor. (7c) 

(7b) 2 ft 3 = V L (8-m) +V v (m). 

V L ,V v> AH l , AH vt and p final are all related in the steam tables. 


* Vof saturated vapor - 350.8 fbVlb so that 1.87 ft 3 represents 0.0053 lb, a negligible 
amount relative to 2 lb. 

24.2 

(1) The system is the mixing point of the 1000°F “air* 1 and water at 70°F 

(2) Open system 

(3) and (4) 

H 2 0 at 70°F 
if H- 38.05 Btu/lb 

Products (100 lb) 

H 2 0 @ 400°F, H = 1201.2 Btu/lb 
air @ 40O°F t 11 = 2576 Btu/lb mol 

The enthalpies of water come from the steam tables. The properties of air come from the 
tables in Appendix D7 (with interpolation). The reference temperature for the enthalpy is 
32°F. 

(5) AE = (AU + APE + AKE] insidc = Q + W - AH - APE - AKE 
_ » 0 because steady state _ (continued) 


Air at 1000°F 


H = 6984 Btu/lb mol 


System 
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* Q is assumed to be 0 because time is short in transit 

* W - 0 (none specified) 

* AKE = APE - 0 none with mass flow 

Thus AH “0 or AHoui^AHic, 

(6) The units in the balance will be Btu and lb 

( n .ir)^<ir + ( n H,o)^A Hj0 (g) - (* 1 ^) + (n Hj0 ) AH h , 0 (e) 

@400°F @400°F @1000°F (a)70 <> F 

(100X2576) +(m ^ o)(12339) = (100) (62M) +m Kio( 38.05) 


24J 

You can write one material balance for each unit and one energy balance for each unit, or 
a total of®. You can write numerous equations but only 6 are independent. 

24.4 

The equation is 

AE = A(U + PE+KE)^ = Q+W-A(H + PE+ KE)^ 

(a) W = 0 

(b) Q-0 

(c) ACKE^^O 

(d) APE 
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24.5 

The exit enthalpies are all the same since the states of p and T are the same. The turbine 
is the only process that yields work. 

24.$ 

a. (E 2 - Ej)^ - A[H + KE+ PE)m] + Q + W for all parts of this problem 

1. Ignore PE; APE = 0 

2. AKE is small so AKE - 0 (or it can be included) 

3. No reaction 

4. W = 0 

5. (E 2 - Et) *» 0; steady state 

Eh^q] 

b. 1. Ignore PE; APE = 0 

2. No reaction 

3. W = 0 

4. (E 2 -EO-O; steady state 

5. Q~0_ 

-A[H + KE)m]~0 

c. 1. Ignore PE; APE -0 


(continued) 
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2. AKE-0 


3. 

No reaction 

4. 

(E 2 -E0 - 0; steady state 

5. 

Q = 0 (assume) 

IAH=W| 

d. 1. 

Ignore PE; APE = 0 

2. 

No reaction 

3. 

(E 2 - Ei) - 0; steady state (may be not the KE) 


4. Q = 0 (assumed) 



A[H + KE)m] = W 

24.7 



General balance is 

AE - [AU + AKE + APE]., SJJe = - A[(H + KE + PE)m] + Q + W 
(1) (2) (3) (4) (5) (6) (7) (8) 

Assume all reactants are in bomb at start of reaction. 
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1 

AU retain because changes 

7 

Q retain 

2 

AKE delete - no change 

8 

W delete (fixed 

3 

APE delete - no change 


boundary) [ 

4 

1 AH 




5 AKE delete as no mass flow in or out 

6 APE 


Result: AU = Q 


( Gases 


Fuel 


■1 

2 j-AE =0 because steady state 

3j 

4 AH keep 

Result: AH = Q + W 


- 

AH " Q - W 

delete as negligible 
delete not a factor 
Q keep 

W keep (electric work) 


(continued) 
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c. 

') 

5 

AKE delete negligible 

2^AU=0 steady state 

6 

APE delete not applicable 

3j 

7 

Q * 0 insulated applicable 

4 AH is kept 

8 

W = 0 no work done 

Result: AH = 0 




24.8 

Closed, unsteady state process 

Basis: 10 lb steam @ 300 psia and 480°F 
Q + W = AU for the dosed system. W = 0 


AH* 1246.6 Btu/Ib 
V = 1.7164 ft 3 /lb 
0 * 1150.38 Btu/lb 


superheated initially 


After cooling to 30 psia, the steam is saturated and liquid forms. Thereafter the steam 
proceeds at constant total and specific volume. 

Ignore the volume of the liquid. Final conditions are 30 psia and 17.164 ft 3 for the 
residual vapor 

AH L * 218.33 Btu/ lb V L = 0.0170 ft 3 /lb U L - 218.81 Btu/lb 

AH V = 1164.0 Btu/lb V v = 13.763 ft 3 /lb U v = 1087.8 Btu/lb 
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lib 

17.164 ft 5 

13.763 ft 5 



= 1.25 lb vapor remains 


Note: 


0.0170 ft 5 

8.75 lb 

lb 



- = 0.15 ft 3 of liquid exists, hence 


the vapor volume is 17.164 - 0.15 = 17.01 rf, and 
= 1.24 lb vapor remains 


lib 

17.01 ft 3 

13.763 ft 5 



We could now correct for the liquid volume, but will not. The value of Q is 


Q = [l .25(1087.8)+(10 -1.25)(218.81)] -10(! 150.38)= 1-8229.5 Btul 
The temperature is the saturation temperature of |2S0.3 °fI 
Note: If you do not have access to 0 values, calculate 0 = H-pV. 


24.9 


Unsteady state, closed, isothermal process at 25°C 
Basis: 1 kg CO 2 

-ezi 


From CO, 
chart 


p, - 550 kPa 
T, = 25°C 

V,~0.10m 3 /kg 
AH -205 kJ/kg 


P 2 = 3500 kPa 
T 2 - 25°C 

V,-0.0125 m 3 /kg 
AH,-170 kJ/kg 


(continued) 
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(converted to SI units) 

Energy balance 

AE = A[( U + PE + KE)] inside = Q+W-A(H4-PE + KE) 
AU = Q+ W = AH-A(pV) so Q- AH-A(pV)-W 
AH = (I70-205)(l) = -35kJ 


W = 4.106 kJ 


u* 

Vi 

O 

O 

10.0125 m 1 550 kPa 

0.10 m 1 

-1 

0 

ajz 

1J 

“ 

kg 

kg 

1 kPa 

l(NXm) 


A(pV) = 


Q = (—35) — (— 11,25)-4.106 = 


= -11.25 kJ 


-27.86 kJ/kg C0 2 
(removed) 


24.10 

This is an unsteady-state closed process. The energy balance reduces to 

AE - AU + APE + AK£ = Q+ W APE = AKE = 0 

Q - AU = U 2 - U, = AH - A(pV) = AH-(p 2 V, - P) V 2 ) 

where 2 (327.8°F) is the final state and 1 (406°F) is the initial state 

Get the data from the CD in the back of the book. The final state is saturated 
conditions. U and H are in Btu/lb and V is ftVlb. 
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H a =381.65 H lV = 1202.2 H 2<L = 298.5 H 2>v = l 187.5 

U u =380.72 U LV =1116.7 U 2<L =298.2 U 2V = 1105.5 

V IX =0.019 V jv = 1.743 V 2L =0.0177 V, v = 4.433 

From the steam tables, get the initial amount of steam and use as the basis: 
100(^=57.4 lb ignoring the liquid volume. (If you do not, you have to get the 
average volume) and get the final state. Let y - the fraction of liquid at 100 psia 

V, =0.0177 ft s /lb,V ywf =4.433 ft 1 /lb 

Basis: 1 lb water 

y(0.0177) + (1 - y)(4.433) = 1.74 y = 0.6095 lb (liquid) x = 0.3905 Ib(vapor) 

Use values of U from the CD to calculate Q. Otherwise you have to calculate A(pV). 
Q = [ (0.6095)(298.2) + (0.3905X11 05.5)]— [ (11 6.7) (1)] 

Q = -503 ^ or jQ = -2.71xl0 4 Btu| 

24.11 

This is an unsteady state process in a closed system, or a closed system with air and 
surroundings with water. From the latter viewpoint the system is the air, and AU = Q + 
W where Q is the heat transfer to the water from the air. 

___ (continued) 
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Solutions Chapter 24 


a 


' 5 lb H 2 0 


W (positive) 


For the system of the air 

Q+W = AE = AU + AP+AK = AH-A(pV) 


For the water : 

Q ss AH - A(pV) but A(pV) is negligible for liquid water so that 
T+2.3 

Q = AH = 5 |CpdT =5 C p (T + 23-T) for constant C p . 

T 

(or use the steam tables) 

Btu 

P (lb moOCF) 

0 - S o^-[^lUk mo1 H 2 g|5jb_H 2 o =511 
V (lb mol)| | 18 lb HjO I 

Q is removed from the air, so for the system comprised of the air, Q =—5.11 Btu. 
For the system of the air 

w J2,500(ftXM 0-0012854 ^ 

I 

W is positive when the surroundings do work on the system of the air. 


Basis: 3 ft 3 air (not essential) 
4U=-5.U Btu+16.07 Btu = 110.96 Btu| 


24.12 


Closed system 

The system initially is like the figure, but since p A > Pb» the plug moves 



to the right. The energy balance here is Q + W =AE = AU. Since Q - 0 and W - 0, AU 
must be 0. APE and AKJE =* 0. 

24.13 

Closed system 

The energy balance reduces to Q + W = AE - AU + APE + AKE 
q = 0, W = 0, APE = 0, AKE = 0, hence AU - 0. 


24.14 

Steps L2. 3 and 4 

Get the needed properties from the C0 2 chart or tables (Be sure to use the same reference 
value). Let be the mass of C0 2 in the cylinder at the final state, V is the specific 
volume, Ug^ is the specific internal energy of the CO 2 at the end of the filling, and H m 

is the specific enthalpy of the C0 2 in the pipeline. 

’(continued) 
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At 200 psia, 40°F, H s i 53 Btu / lb and V = 0.57 ft 3 / lb 
Step 5 

Basis: 3 ft 3 of C0 2 @ 200 psia (final conditions) 

System: The cylinder (open system, unsteady state) 

Steps_6 and 7 : 

Unknowns: \xv m co 3 ’\q } 

Equations: energy balance, enthalpy chart 

We need two points on the p - H chart to fix the conditions in the cylinder. The energy 
balance reduces to (W = 0, Q assumed to be 0) 

AU = -AH 

which gives one point: 

m COj (U fin J-m, itw (U inili J = m in (HJ-m 0Ut (H 0 J 

m inilW = ^ ^ m CO, = m in 

U final =H iR =153Btu/lb 

The other point is the pressure p = 200 psia. Unfortunately the C0 2 chart is p- H and 
not p - U , thus requiring a trial and error solution. Assume a T, lookup V, and calculate 
U a H - pV (ignore pV at the reference sate of -40°F). 

When U = 153Btu / lb, then you have determined T. If you used tables of p vs U in a 
handbook, the calculations would be easier. 
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H p V JJ 

AssumeT= 160°F. Then H-pV= I82-(20D)(0.68)(0.185) = 157 

T = 140°F. Then H-pV- I78-(200)(0.70)(0.185) = 153 

The calculates are quite approximate but 
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751b. 

8.319 ft 3 130 lb. 

4.760 ft 3 

144 in 2 

1 Btu 

in 2 

lb . 2 

in 

lb 

, ft 2 

778 (ft) (lb it 


= 3.5-.95 = [2.S Btu/lbl Q=? W =? 

W= - JpdV but pV relation is not known. 
(§)—*■© : = 0' constant volume) 


AH = 1232.7-1329.6- 1-96.9 BtuTjb] 




144 in 2 | 

( 1 Btu 

ft 2 1 

|77S (ft) (lb f > 


-73.8 Btu/Ib 


Q- AU - 1-73.8 Btu/ lbl 

Q-0 so W = AU=AH-A(pVJ 

AH - 1326.1 - 1232.7 = 93.4 Btu/lb 
A pV = [13 0|4 . 7M . -- ffljft . 319j |, l44| . _„„j = 22.15 Btu/lb 

W =93.4-22.15- 171.3 Btu/lb] AU-93.4-22.15= 171.3 Btu/lbl 


24.16 

Closed system, unsteady state; system is both tanks together 

Basis: I m 3 dry steam, 350 K, 40 kPa, V - 4.005 m 3 /kg, equivalent to s 
0.25 kg 
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W - 0 because the system boundary is fixed. 
The energy balance reduces to Q - AU 
Initial Data Final Data 


V =4.005 m / kg 
AH =2638.2 kJ/kg 
AU =2478.0 kJ/kg 
T = 350K 


V = 2 m 

0.25 kg 
T = 350K 


j 8.01 m / kg 


At V — 8.044, T =350K, AH = 2641.4 and AU = 2480.6 kJ/kg 
Q = 2480.6 - 2478.0 = 2.6 kJ/kg 
(2.61 (0,251 = l0.65kj| 


24.17 


Basis: 0.1 kg steam 



Final pressure = 700 kPa 

Batch process, unsteady state. The system is the gas plus the piston. 


(continued) 
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(a) The work can be calculated from j pd V if some assumptions are made about the 
process. No information is given about the process other than "slowly”. Assume the 
work done (against the atmosphere) is carried out at constant atmospheric pressure, Then 


W = -pAV 


Initial conditions 


V - 0 at the start of the expansion (or could calculate V initially (V = 0.2995 m 3 /kg) but 
AV is what counts so that letting V = 0 initially is ok) 

(d) Change in volume of the system 

added V - .‘ A ■• ", = 0.00944 m J 


(80 cmXH8)cm 2 

1 m 3 


(100 cm) 3 


W = — 


101.3 kPa 

0.00944 m 3 

1 J 



(1 kPa)(m 3 ) 




(work done by system; does not include raising of the piston) 

To get Q apply the energy balance to the gas 

Q + W = AU + APEpisior. 

To get AU, have to determine U finj | and U inltto |. 

A t 650 K and 1000 kPa : 

V iui(il! -0.2955 m 3 /kg lU, 2918.8 kJ/kg 
At 700 kPa and V fuu! : 


Initial volume - (0.2995) (0.1) = 0.02995 m 3 
Added volume - 0.00944 m ' 

Final volume = 0.03939 nv 3 
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0.03939 

0.1 


= 0.394m 3 / kg 


At these conditions: 

(b) U tol = 2841.9 kJ/kg and |T tn „ = 600Kj 

APE = PE 2 - PE, =mgh 2 -mgh, 


0.46 kg 

9.8 m 

0.80 m 

Km 2 ) 


s : 


(kg)(m J ) 


(e) Q = (2841.9-2918.8X0.1)+3.61 -(-9.56) = IS.48JI 


24.18 

Pick the room as the system. The simplified form of the energy balance is (for no mass 
flow): 


AE = AU “ Q + W = AU 

where Q - 0 (room is insulated) I 

i 

W - the electrical energy provided freezer through the system boundary 
and is positive. (No volume change occurs). Hence AU = C V AT is positive and AT is 
positive; i.e. the temperature increases. 


24,19 


Basis: 1 hour 

Assume: (1) Thermal properties are constant 

(2) No work is done 


(continued) 
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Closed unsteady-state system 
The energy balance is 

AU - Q AU includes “heat of respiration” and change in temperature 
The mass of potatoes is; (52) (24) (20) = 24,960 kg 
The mass of the boxes is: (52) (24) (2.1)- 2,621 kg 
Respiration - (24,960 kg) (0.035 W/kg) - 873.6 W 


AU 


At 


24,960 kg 

3.05 kJ 

-0.3°C 


(kg)(‘C) 

m 


2,621 kg 

1.7 kJ 

-O^C 


(kg)CC) 

m 


40 ~—ir- 


Q = 873.6 - [6344 + 371]= -5842 W 


- = -22,838 kJ7 hr 
(-6344W) 

-1,337 kJ/hr 


(-371W) 

15.84 kW energy is removed [ 


24.20 

(a) Assume steady state flow process. The system includes the orifice. 
AU-Q + W-AH-APE-AKE 
AU “0 (steady state) APE =0 
Q = 0 (adiabatic essentially) AKE ~ 0 
]W - 0 (no work done)| 


Solutions Chapter 24 


Final simplified equation: AH =0 

(b) AKEsO,Q = 0,APE = 0,AU=0 

Iah = wI 

(c) AE = 0 APE = AKE = 0 |AH = 0| W = 0,Q“0 
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+ 0.02429 x 10-512.0.0852 X lO^T^dT 

■ 6.W(76-«,)> 00:W ;-' ri ft--66> 1 ' lg, ”- l ' r, (7t=- M ») 
- a,08 -- 5 2-~—(76' 1 -66*)* 69.03 Btu/lb mol 


1 atm 

1000 fl’j 



|0.7302(ft 3 )(atm) 

531°R 


(lbmol)(°R) 



-2.58 lb mol 


973.6m = 69.03 (2.58) Iro = 0.13 lb steam] 


24.22 

Assume steady state, open system, no change in height or velocity, and Q =* 0, 

Basis: 1 hr 

10 atm = 1013 kPa 


-{(AH 4- W 

W = 

AHm - (aH 2 -AH,)ti 

1C 

FC 

p: 1013 kPa - 1000 kPa 

p: 101.3 kPa saturated 

T: 500K 

T * 373.1 K 

AH t : 2890.2 kJ/kg 

AH 2 : 2675.6 kj/kg 


W = (2675.6-2890.2) (700)--150,200 kJ/hr 
(work done by the system per hour) 


-150,200 

kJl(sXlW) 

j l hr 

hr 

1 1J 

13600s 


= 1-41.7 kWj 


24.23 

T = 100°F 


Q-? 

Assume: Steady-state, open system with no change in elevation (no potential energy), and 
constant velocity (no AKE). No work is done on or by the system. 

Basis: 1 hour 

0 0 0 0 

i i i i 

AE=-[AH -AKE+APE)m) + Q + W 

Q = Alim = (AH 2 -AH,)n 

From the steam tables for the liquid water 

AH, = 148.00 Btu/lb ^,.^ = 0.01651 ft’/lb 

AH 2 = 67.999 Btu/lb 
Amount of water is 

_ (continued) 


water _ 
T - 180°F 


Heat exchanger 
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Solutions Chapter 24 


lb. 


0.01651 ft 5 
Q = (67.999-! 48.00) 


= 6057 — enter and leave 
hr hr 


Btu 

6057 Ib_ 

m 

V 

hr 


-4.85x10 s — 
hr 


(heat removed) 


24.24 

Steady state, open system 
CO 2 in @ 250°F and 1800 psia \ C0 2 @ 60 psia 


^4 


Q + W = -AH and Q - W = 0 soAH = 0 

Point A is given. See chart. Point B is determined as follows: 

For adiabatic throtting; AH in =AH wt hence you can read on chart: 


(a) T~130°F 

(b) Superheated conditions mean the quality - |l 66%'vapor] 

(c) Specific volume from chart - 2.5 fi 3 /Ib 



Point C is given. Point D is given. The quality at D is about 0.8. 



24.25 
Part a 

Assume the process is a steady-state open process. The system is the turbine. 

The energy balance is 

_ (continued) 
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AE = Q +W-AH-APE-AKE 
AE - 0 (steady state) 

APE =0 

AKE = 0 (quite small effect) 


7- 270^ 



so that the energy balance reduces to Q+W = AH 

AHi n * 177 Btu/lb AH 0U , -135 Btu / lb Q = -25 Btu/lb 


Basis: 1 lb steam 

W = -(-25) + (135-177) = 1-1 7 BtuZi tWork done by turbine) 

Esnb 

The system is the valve. The energy balance is not needed because the CO 2 is 
saturated at 140 psia, hence this corresponds to | 38° FI . 

Part c 


The energy balance reduces to 


Q = iH=AH ou , -AH in =95-135 = Btu/Ib l 
(heat removed) 
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24.26 


Assume a steady-state open process. The system is the heater. 

-Heat -^ 

76°F - 1 - 220°F, 1 atm Basis: 1 lb water 


Basis: 1 lb water 


Data: 

Pi£sia) 

V(ft 3 /lb) 

76°F: 

0.444 

0.01607 

220°F 

14.696 

27.15 


Ignore the vapor that exists at the initial state. The water is superheated at the final 
condition. 

The energy balance reduces to: Q - AH = 1154.4 - 44.03 1= 1110 4 Btu/lb| 


Alternate solution 


Assume an unsteady state process with no mass exchanger between the system 
and surroundings, 


The energy balance reduces to 
AE - AU = Q 
Calculate 

AU=AH-A(pV)=1110.4 


144 in': 

(27.15)( 14.696) - (0.01607)(0.444Xfl J )(lb r ) 

1 Btu 

ft 2 1 

(lb)(in.) : 

778(ft)(lb,) 


= 1110.4 - 73.9 = 11036.5 Btu/Ibl 


(continued) 
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or use the U values from the steam tables to avoid calculating A(pV). 


24.27 



te- 


CS) 


{OpSl*. 

x?<X11 tlii 

3«3f.V6l?/& 


Cft.tcw.UAuJ 


& _<5 sw^ 


HHj- ussu/jo, 

So psift- 
ZOO'F 




<3^ « I23S*2 

SOpJiV. 


%sW @ Onpreisof 
(§) C<M5 


To make the process a steady state open process from (1) to (3) assume the system is the 
coil plus the compressor. Then 


$1= ~&l(H +t^- jtfm + Q + 


W1 or W “ AH - Q 
Basis: 1 lb water evaporated 

Calculate AH @(1): (0.98) (1143.3) + (0.02) (161.17) = 1123.6 Btu/Ib 

From(l)to(2): Balance on the compressor 

AH 2 - AH) ~ 1235,2- 1126.6- 111.6 Btu/lb Q--6 Btu/lb 
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W- 111.6-(-6) = IFl7.6 Btu/ibl 
From (2) to (3): Balance on the coil 

AH 3 - AH 2 = 168 -1235.2 = - 1067.2 Btu/lb W=0 so Q=AH= -1067.2 Btu/lb 

A 

a. ■§•= - [EH (Note: the problem asks for the heat transfer 

117.6 

out as a + value) 


[ 38.46 ft 1 

0.98 , (0.016)fl 3 1 

10.02" 

lb steam 

l ■» 

ib ! 


1067.2 Btu 


- 37.69 ft 3 /lb 


Basis: 1*000,000 Btu/hr 


10‘ Btu 

ihr 

1 lb steam 

37.69 ft 3 

hr 

60 min 

1067.2 Btu 

lb steam 


- = lS89 ft 3 /mini 


24.28 


Basis: 55 gallon oil, °API - 15 

C p = 0.41 —:£HL_@70°F; C p = 0.467 •— @18Q°F 

(lb) (°F) p (lb) (°F) 

C Pa = 0.5 (0.41 + 0.467) = 0.44 Btu/(lb) (°F) 

141.5 


sp. gr. =- 


0.966 


°API + 131.5 

AHpji = (0.44) (180 - 70) (55) (0,966) (8.33) ~ 21,500 Btu 


(continued) 
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Assume water leaves @ 212°F, saturated liquid: 

AH H p@212°F= 180.07 Btu/lb 

AH Hp @220 o F= 1153.3 Btu/lb 

Then AH Hp = 1153.3 - 180 = 973 Btu/lb 

, 21,500 Btu | _ _ 

steam 1973 Btu i22.1 lb stea 1 


24.29 

Process: Flow, steady-state 
System: the pipeline 
a. Q + W = (AH + AKE + APE) 


Assume AKE 
W = 0 


Basis: 1 lb m ofoil 


! x 10 5 Bti 

i 1 hr 

min 

hr 

1 60 min 

12000 lb 


APE= 


1000 ft 

g ft 

(lb f )(s") 

1 Btu 


s 2 

g c 0bj(ft) 

788 (ft) (lb f ) 


-1.285 

lb 


Without the pump AH = Q-APE: AH = 0.834 - (- 1.285) - 12.120 Btu/lbj 
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b w ~ 1 hp Pm 550 (tt) M - LBtu— l 

• I (sec) (hp) I min | 778 (ft) (lb f )| 


-2^ = 0.0106 Btu/lb 
2000 lb„ 


AH=Q + W-APE 

With the pump: AH = 0.834 - (- 1.285) + (0.0106) = 12.131 Btu/lbj 


24.30 


© 


500°F 
250 psia 

H ,=1264.7 Btu/lb 


H (Btu/lb) 

® satd. liquid 0.15 180.17 

satd. vapor 0.85 1150.5 

1.00 

0.15(180.17) + 0.85 (1150.5) 

- 1005 

Basis: 1 hour 


Assume a steady state flow system (AE - 0) APE - AKE - 0, Then 
AH = Q+ W 

A H =“ m(A H 2 - AH ,) = 1000 (1005 - 1264.7) = -259,700 Btu 

50 - mm = -223,500 Btu/liour 


-86.5 hp 

33,500 (ft) (lb f ) 

1 Btu 



(hp) (min) 

1778 (ft) (lb f ) 

hr 


Q = AH - W = - 258,600 -(-223,500) 


= j-36,400 Btu/ hr[ (heat loss) 

The turbine does not operate adiabatically. The ratio 


AH 


36,400 
= 259,700 


= 10.1 
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2431 


Basis: 25 kg exit fluid 


25 

- 

6ft*? 


. .^n -i Sr&-\ 

-scxfc &6P* 1 |,3Mft- 

L " IS hi l«‘C(Vfc/K) 


SA+Mr*.^*! va^xst AH* 4784.4f*J/Aj 
T10 kj. ft'Wii 

1.4 Mp*. , AiU 8A2 tt/ij- 
ao*CU 13 K> 


Q + W = AH W = 0 

Q - AH - AH 25 -AH 1S -AH 1() =AH 2S - (2784.4) (15) - (82.2) (10) 


Q 

For the exit 


-50 J 

25xl0 3 g 

g exit 



-1250 kJ (noteAKE~ I0"\l) 


. _ {AH l = 79S.5 kJ/kg 

it fluid \ * & 

l AH V -2784.4 kJ/kg 


Let x = kg vapor, 25 - x “ kg liquid 

1250 _ x kgp7K4.4 H y (25-x) kgpg&s jq 15 kgj?_ 7 S4 4 H IQ kgjft? 7 k.T 

-1250 = 2784.4 x + 19,963 - 798.5 x - 41,766 - 822 
x - 10.76 fraction vapor - = 16.431 
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2432 

Open, unsteady state system (the tubing) 

Basis: 1 hour 

The energy balance reduces to Q = AH - mC p AT. 


300 Btu 1 L ft 

Ihr _ 1 gat HiO|60 min 

1 hr 

0.1337 ft 1 

1 lb HjO 

lBtu 

(200-50)“F 

(hr)(fl) I 

min | hr 


1 gal 

0.0162 f» J 

(lb)CF) 



iL = 248ftl 


24.33 


5ofu.tT<m && 

T = ? 



neAT 

, s 


/ 




—V-* 

etC»M<r£R 

-t— 

-> 


salat Un/hf 

f7.S % H X 0 

Cdj 


mr 

UlXWUK) 


mXcSoou;') t 
6$ = 6CCoT/^to«(. SpW AH* 


Basis: 1 hr 


The energy balance reduces to 
AH - 0 

A Ha]> AHgptn ~ 0 


(continued) 
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For aqueous solutions, the heat capacity is dominated by the water, and the solute mass 
may be neglected with minimal error. 


/...400 atj500\ L r ,Tj tj 300\ n 

m(AH air -AH sir J+m|AH H ^-AH Hi 5|=0 


I hri 

1300 kg. 

|(3696 - 6660) J | 

!g mol| 

tlOOOgJ 

1 kJ 

! 

hr | 

g mol | 

|29g| 

kg 

|l000J 


1 hrj 

[230 kg soln 

97.5 kg H 2 0 

(AH^-lU.7)kJ 

1 

hr 

100 kg soln 

kg 


T, (30,622 + 25,049) kJ 
224.25 kg 



interpolating from SI steam tables 

330 K + (335-330) K (2 48.25 - 238.4) jp 

(259.4- 238.4) jj 8 


1= 332K or 59°C| 
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4. AH vap is constant within the temperature range of concern. 

By 1. C p - 2 ,n J/(g)(°C) 

By 2, 3, 4 the Clausius Clapeyron equation reduces to 


P* 1 _ AH vap | 1 i 
lOglo p^"T303 R 


Substituting values : 


AH V83 

|(gmol)(K)| 

f 1 

2.303 

| 8.314J j 

p23 K 


IK, 


-0.2654--3.97060 x 10" 6 AH vap ^y2l 


AH V 


-0.2654 J 

1 gmol 

- 3.9706 x 10” 6 gmol 

122 g 


•« 547.88 kJ/kg 


1 hr 

10,000 kg 

2.11 kJ 1 

[(250- 130) °C 


hr 

(kg)(“C)l 



kg 


^8,011,000 kj) 
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24,35 


exit stock 
T 2 = ? 


Cooling water out 



27.5 kgF 

50,000 kgC 

1 day 

100.0 kg C 

day 



C p -2.l kJ/(kg)(°C) 

Basis: 1 day 

13,750 kgF 


13,750 kgF 

9.1 kg H,0 


100 kgF 


13,750 kg F -1251.25 kg H 2 0 = 12,498.75 kg toluene. 
Energy balance at condenser : 

The energy balance reduces to AH » 0 
A He + AHp = 0 


liquid 40°C 


in 


(continued) 
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fT, r r 100 r 90 1 

m c]20 C P dT + m H 3 o[j 150 CpdT-AH VBp Bt l<xrc+J loo C p dT j 

D im f 9o 1 

i 50 c p dT “ AHva P st nrc + J lll c p cl Tj = 0 


50,000 kg! 2.1 kJ 

T 2 -20°C 

l(kg)(°C) 



+ 1,251.25 kg H 2 0 


+ 12,498.75 kgtol 


f 2.1 kJ 1(100- 150)°C 

2260 kJ 

(kg)(°C)f 

kg 

1.3 kJ I (111-150) °C 

230 kJ , 

(kg)(°C)l 

kg 


(90 - 100)°C 


(90- 111 )°C 


105,000 T 2 ~ 2,100,000 - 3,011,758.75 - 3,954,604.5 = 0 

(a) t 2 


9 ’ 066 ' 363 - 25 =li^l 


105,000 
Enthalpy balance at cooler : 

AH -0 

(AH$J* - AHjJ )- (AH p - AH f ) - 0 

m W C C (’ dT "[ m H=° H.34 C P dT “ m '« C 34 C P dT ] = ° 


m W 

4.2 kJ 1 

|(60 - 20)PC 1,251.25 kg H,Ol 4.2 kJ 

(40 - 90FC 


(kgX°C)l 

I ' l(kgX°ci 

1 ' - ' 
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24.36 

Basis: l lb water/steam 
Steady-state, open system for each unit 

The data: 

Tabulation of p, T, V, H and quality or superheats at the numbered points: 



1 

2 

3 

4 

5 

6 

P (psia) 

14.7 

250 

250 

250 

40 

0.306 

T(°F) 

65 

65 

401 

550 

268 

65 

V(ft’/lb) 

0.026 

0.016 

1.844 

2.202 

10.14 

0.016 

qual./sup.heat 

0% 

0% 

100% 

149° 

96.5% 

0% 

H(Btu/lb) 

33.09 

33.79 

1201.1 

1291 

1137 

33.05 


Calculate the specific volume at point 5: 

V = 0.965(10.506) + 0.035(0.01715) -10.14 

(a) Heat to boiler: 

Q-AH = H^ -H, = 1201.1 -33.8 *= 1167.3 Btu/lb 

(b) Heat to superheater: (continued) 
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Q = AH = H,-H 3 =1291-1201.1 = 90 Biu/ib 

(c) Heat removed in condenser * H* - H s - 33 -1137 =-1104 Btu/lb 

(d) Work delivered by turbine: Q + W = AH 

Q = 0 W = AH = H 5 -H 4 -1137-129! = -I54Btu/lb 

(e) Work required by the pump between I and 2: 

Q+W = AH Q = 0 hence W = AH 

Because we do not have values of AH for compressed water at 65°F, we 
will use 

W = AU + A(pV) 

r»6S“F 

AU= | C dT = 0 
hr? v 


A(pV)=p 2 V 2 -p 1 V 1 =(p J -p,)V = 


(250-14.7) 

0.016 

144 



778 


= 10.70 Btu/ibl 


. Net work delivered 

Efficiency =- 

Total heat Supplied 


154-0.70 
U 67.3 + 90 


= 0.121 


For a water rate of 2000 lb/hr 


154 Btu 

2000 lb steam 

I hr 

1.415 hp 

lb 

hr 

3600s 

1 Btu/s 


You can improve the efficiency by: 

(a) Exhausting the turbine at a lower pressure. 

(b) Use higher boiler pressure. 

(c) Use higher superheat 
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24.37 

Basis: 100 lb/day liquid Cl 2 feed at 8°F 
Assume 

(1) Adiabatic operation of all units 

(2) Flow process, steady-state 

R 



First find the enthalpy lost or gained by the C1 2 in the heat exchanger from which we can 
get the work done by compressor A on the Freon. 

Overall Cl^ balance through the heat exchanger 

F + R = P 
100 + 2.5 = 102.5 


Energy balance for CU through the heat exchanger 

For a flow process: Q + W « AH 
W = 0 
Q = AH 

Choose as the reference state liquid Cl 2 at -30°F 

__ (continued) 
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8.1 Btu 

lib mol 

102.5 lb 

(lb mol)f F) | 71 lb 

100 lb F 

8.1 Btu 

lb mol 

1001b 

(lb mol)( w F) 

71 lb 

100 lb F 

8.) Btu 

lb mol 

| 2.51b 

(lb mol)( u F) 

71 lb 

|l00 lb F 


|[-30-(-30)”F] 
|[8 — (—30)°f] 


|[o-(-30)“F] = 0-433.5-8.55 =-442.1 


Consequently 
Q = -442.) Btu/100 lb F 


This means heat is lost by the C h and gained by the Freon 
Energy balance for the Freon flowing through compressor A ; 

Q + W = AH 

But since the flow of Freon is cyclical 
AH ~ 0 


Qf^-Qc, =-(-442.1) = 442.1 Btu/100 lb F 


W a =Q 


Freon 


442.1 


Btu 

100 lb F 


Energy balance for the Cl? flowing through the compressor B : 

2.5 Ib/day @ -30°F 2.5 Ib/day at 0°F 

Q F W - AH Q = 0 


Btu 

100 lb F 
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AH = Enthalpy change across compressor = H R - H R 


Other units 
W = 539 Btu/mole 
= 1,520,000 Btu/day 


H r =CpAT + AH V£ 


AH = 


2.51b 

8.1 

100 lb F 

71 


[0-(-30)] 


] 4878 cal 

1,8 Btu/lb 

1 lb mol 

2.5 lb 

g mol 

cal/g mol 

71 lb 

100 lb F 


= 8.55 + 309 = 317.5 


Btu 


100 lb F 

Total work input needed to make the process operational : 


hp = 


317.5 + 442.1 Btu 

2000 lb 

100 ton F 

778(ft)(lb f ) 

100 lb F 

ton 

day 

Btu 


l day 

(hp)(min) 


(24)x(60) min 

33,000(ft)(lb f ) 

0.30 


- |82,9 horsepower] (actual power input) 


24.38 


Basis: 1 day; Reference temp - 80°F 


a. Material and Energy Balances: 


Overall Material : 

(continued) 
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In -1,000,000 ib 


Out: residue: 

500,000 Ib 


naptha: 

200,000 lb 


gasoline: 

300.000 lb 


Total out 

1,000*000 lb ' 


Tower 1: 



MateriaI 

In 

Out 

feed 

1*000,000 vapor 

2*000*000 

reflux 

1,500,000 residue 

500.000 

total 

2*500,000 total 

2,500,000 

Energy: 



In: feed: (lx)0‘)(0.53)(480-90) + 10‘(100) 


-K10*)(0.45)(500 - 480) = 

315,000,000 Btu 

reflux: (1.5 

xl0‘)(0.59)(lS0-90) = 

79,700,000 Btu 

steam: (by difference) 

114.500.000 Btu 

total: 


509,700,000 Btu 

Out: residue: 

(5 x 10 5 )(0.S 1)(480 - 90) 

99,200*000 

vapor: 

(2xl0‘)(lll) 

222,000,000 

liquid: 

(2xl0‘)(0.59)(250-90) 

188.500.000 

total (Btu): 

= 

509,700,000 

Furnace: 



Material 

fn 

Out 


1,000*000 Ib 

1,000,000 lb 

Energy 

in 

m 

feed: (10*)(0.53)(200 - 90) = 58,300.000 


furnace ht: 

257,200.000 


total: (Btu) 

315,500,000 

315,500,000 

Condenser I: 



Materia! 
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In: vapor 

= 

2.0xl0 6 lb 

H 2 0: 304,500*000/(l)( 120-70) 

as 

6.1x10* lb 

Out: liquid: 


2.0x10* lb 

Energy 

H 2 0 

= 

6.1x10* lb 

In: vapor 222xl0 6 + 188.5xl0 6 

- 

410.5x10* Btu 

Out liquid: (2xl0 6 X0.59)(180 - 90) 

— 

106x10* Btu 

Removed by water 

= 

304.5x10* Btu 

Total out: 

= 

410.5x10* Btu 

Preheater 1: 

Material 

In: liquid = 500xiO 6 lb; Out: vapor 

- 

500x10* lb 

Energy 

In: liquid: (5xl0 s )(0.59)(l80-90) 

= 

26.5x10* Btu 

steam: 


78.65x10* Btu 

Total 


i05.15x10* Btu 

Out: vapor: (5 x10 5 )(0.S9)(250-90) 

+(5x10 5 )(UI) 

+(5x10 5 X0.5 1X200-250) 

= 

105.15x10* Btu 

Tower II 

Material 

In: feed = 500,000 lb Out: vapor 

= 

900,000 

reflux =600,000 lb residue- 

200.000 

Total =* 1,100,000 lb total 

= 

1,100,000 

Energy 

In: feed: 

ss 

105,150,000 

reflux: (6xJ0 3 )(0.63XI20-90) 

= 

11,300,000 

steam: (by difference) 

= 

42.700.000 

Total: (Btu): 

— 

159,150,000 

(continued) 
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Out: vapor: (9 x 10 5 )(0.63)(150-90)+9x 10 s (i 18) = 140.05 x10 s 
residue: (2xl0 5 )(0.58)(255 - 90) « 19.1x10 s 

Total (Btu): = 159.15x10 s 


Condenser II 
Material 


In: vapor: 

„ „ 123.0.5 x10 s 

H2O: - 

(1)010-70) 


- 0.9xl0 6 lb 
= 3.08x10* lb 


Out: liquid 
H 2 0 


-0.9x10* lb 
= 3.08 xlO 6 lb 


Energy' 

In: (Btu) 

Out: liquid: (9xl0 5 )(0.63)(120-90) 
removed by H 2 0: 

Total (Btu): 


140*05 x 10 6 
17x10* 
123.05x10* 
140.05x10* 


Heat Exchanger II (Assume T out = 90°F) 


Material In 

liquid: 300,000 lb 

H 2 0: 5,670,000/(1 )(80-70)= 567,0001b 


Out 

liquid: 300,000 

H 2 0: 567,000 


Energy 

In: (300,000X0.63)(120-90) = 5.67x10* Btu 

Out: liquid: = 0.00 

removed by H 2 0 - 5.67 x 10* Btu 


Heat Exchanger IU 
Material 
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In - Out: 

Bottoms 200,000 lb 
Charge 1,000,000 lb 


Energy 


In: (200,000)(0.58X255-90) 

= 

19.15x10 s 

(1 x 10 s )(0.53)(90-90) 

= 

0.0 

Total (Btu): 

= 

19.15x10* 

Out; (2xl0 5 )(0.58)(26.3-90) 

= 

-7.35 xlO 6 

(1 x 10 6 )(0.53)(140-90) 

* 

26.5 xlO 6 

Total (Btu): 

= 

19.15x io 6 

To 0 f of 26.3°F does not seem reasonable 


Heat Exchanger IV 

Material 



In = Out 



Bottoms 0.5x 10 6 lb 

Charge i.OxlO 6 lb 



Energy 

In: (5x10 S )(0.51 )(480-90) 

_ 

99.3 x10 s 

(1 x 10 s )(0.53)(140-90) 

= 

26.5x10 s 

Total (Btu): 

= 

125.8x10 s 

Out: (5 x 10 5 )(O.S 1 )(257-90) 


67.5 x10 s 

(1 x 10 s )(0.53)(200-90) 

= 

58.3x10 s 

Total (Btu): 

- 

125.8x10* 

Heat load of furnace - 315.5 x 10 6 - 

58.3 x 10 s = 1257.2x 10 6 Btul 


b* Additional heat if charge to furnace is at 90°F 
Total heat load = 315.5 x IO 6 Btu 

Additional heat = 315.5 x 10 6 - 257.2x 10 s = 158.3x10 s Btu 
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24.39 

Basis: 1 hour Open steady-state process 
Deaerator Balance 




ft * 




fl = nf/> 


. /osft » *1*^ 5Hv//l 


Material Balance F, + F, +50,000 = 105,000 F 2 = 105,000 - 50,000- 

Energy Balance F,(l 164.1)+ F, (48.0)+50,000(218.9) = 105,000(218.9) 


a. 


F,(l 164.1)+ (55,000- F,)(48.0) -55,000(218.9) 
F 2 - ]8,422 lb7hr| steam 


b. F, = [46,578 lb/hr] make-up feedwater 

Boiler Feedwater Pump 



-100 hp 


c. For 55% efficiency: [181.7 hp] 


Solutions Chapter 24 


d. (181.7hp) jo.7457^j = 1135.5 kwl 

e. ri 35.5kW1(8760—K$0.05/kWhr) = |$59,360/ year] 

yr 

f. Savings = (105,000)(0.017)(200)(144)^|^][ 5 ~)(8760)((0.05)} 

- |$15,420/yearl 


Steam Drum 


R* -WiM ^ 



fi* (t* ^7 

OfJH/i 


(100,000)(1230.7) + (5000)(471.7)-105,000(218.9) =* 102.4x 10 6 Btu/hr 


g. Steam Drum Heat Input - |l02.4x[0 6 Btu/hr] 

h. Superheater -(100,000)(I351.8-1230.7)- [l^lxlO 6 Btn/iirl 

Flash Drum 


(continued) 
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Hr , 

ft' v 




p - tftt-i 

n = nt.'t 3 


x “ vapor flowrate 


(100,000 - xX218.93)+x(l 164.1) = 100,000(330.65) 

X= * 1,820 Ib/hr = vapor flowrate 

and 88,180 IWhr = l, quid flowrate 

SieamLosj =i 1 , 820 - 8,422 = [ 3,398 ib/hr| 


C ondensate 1-os l = 88,180-50,000- |38,180 lb/hr| 
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24.40 



Basis: one hour operation open, steady-state process. 

A materia) balance initially is necessary to determine amounts and compositions of 
streams. 


Feed 

Component 

C 2 H* 

C 2 H 4 


Wt.% 

65 

35 


lb 

650 

350 


Product 

Have 97% recovery of ethylene 
lb C 2 H 4 = (0.97) (350) = 340 


(continued) 
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Now, since the product is 98% C 2 H 4 


340 lb C 2 H 4 

2 lb C 2 H 6 


98 lb C 2 H 4 


=6.95 lb C 2 H, 


Component Wt.% lb 

C 2 H 6 2 6.95 

C 2 H 4 98 340 


C. Bottoms 


lb C 2 H 4 = 350 - 340 = 10 
lb C 2 H 6 = 650 - 6.95 - 643.05 

Component Wt.% lb 

C 2 H 6 98.47 643.05 

C 2 H 4 1.53 10 

We are now ready to determine, by a series of energy balances, the quantities 
desired. 

Energy Balance on System “A” fsee Fig.} 


( Energy out with Product + 

Energy out with bottoms + 

Energy out with refrigerant 

We will assign an arbitrary enthalpy of zero to the liquid feed as it enters the Pre-heater at 
-~100°F. Actually, any reference condition could be chosen since we are only concerned 
with enthalpy changes in the balances. 

The feed undergoes at 20°F rise before it enters the still. 


Solutions Chapter 24 


T - -80°F and 

C p feed - (0.65) (0.65) + (0.35) (0.55) = 0.62 Btu/(lb) (°F) 

Enthalpy in with feed = (lb feed) (C P AT) - (1000) (0.62) (-80-(-100» 
= 12,400 Btu/hr 

Enthalpy in with steam = (lb steam) (AH V ) at 30 psig, 

AH V “ 945 Btu/lb 

Enthalpy in with steam = (S) (945) btu/hr 


From the data given, the temperature of the saturated liquid product is =30°F since it is 
essentially pure ethylene. 

Cp = 0.55 Btu/(Ib)(°F) 

Enthalpy out with product - (346.95) (0,55) [-30~(-100)] - 13,360 Btu/hr 
The bottoms are practically pure ethane so, T = 10°F, 

C p - 0.65 Btu/(lb)(°F) 

Enthalpy out with bottoms = (653.05) (0.65) [lO-(-lOO)] = 46,700 Btu/hr 

The refrigerant experiences a temperature rise of 25°F as it passes through the condenser. 
The heat capacity may be assumed to be 1.0 Btu/(lb) (°F) 

Enthalpy out with refrigerant = (lb refrig.) (1.0) (25) m Btu/hr 

Now, rewriting the energy balance “A” with a substitution of known terms: 

12,400 + 945S = 13,360 + 46,700 + 25m (1) 

_„___ (continued) 
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It is evident from this first balance that a second balance will be necessary to determine 
the unknown quantities. 


Energy Balance “B” 


Energy in with Overhead = 


Energy out with refrigerant + 
Energy out with Product + 
Energy out with Reflux 


Since we are using a reflux ration of 6.1 
lb reflux - (6.1) (346.95) - 2,120 Ib/hr. 

Now, the specific enthalpy of the reflux «the specific enthalpy of the product, since they 
are from the same stream, and the differences in enthalpy between the overhead and the 
product, or overhead and reflux, is merely the heat of vaporization of ethylene 
(neglecting the small amount of C 2 H 6 present), therefore, we can rewrite Energy Balance 
“B" as: 

(lb Overhead) (AHv)^ 25 m 
(2,120 + 346.95) (135) ~ 25 m 
or m= 13,320 Ib/hr. 

Now substituting this value into equation (1) we have 
12,400 + 945 S - 13,360+46,700 + (25) (13,320) 
so that IS = 403 lb / hr I 


403 lb steam 

hr 

hr 

1000 lb 

feed 

13,320 lb refrigerant 

1ft 3 1 

hr 

50 lb 


- -0.403 lb steam/lb feed 


^ !l onS - 11,993 gallons of refrigerant/hr] 
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The bottoms leave the still and enter the Pre-heater at approximately 10°F, the saturation 
temperature of pure C 2 H&, The final temperature of the bottoms as it leaves the Pre¬ 
heater can be calculated from a simple energy balance around the Pre-heater. 

c. Enthalpy Balance “C” 

(lb bottoms) [0.65 Btu/(lb) (°F)] (10 - T f ) = (lb feed) 

x[0.62 Btu/(lb)(°F)][-80-H00)] 

(653.05) (0.54) (10 -T r )- (1000) (0.62) (20) 

T f = 19.2 7 F 
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25.1 

(2). (4), (6) 


25.2 

0) 


25.3 

(3) 




25.4 

AH»(kJ) 

C»H 8 (g) -v CjH 6 (g) + H 2 (g) +123.8 

3CO, (g)+4H ,0(1) -» C,H, (g)+50, (g) +2220.0 

4[H,(g) + l/20,(g)->. H 2 0(1)] 4 x (-285.8) 

3JC(s)+0, (g) -+ C0 2 (g)] 3 x (-393.4) 


3C(s)+3H ! (g)->.C 1 H <i (g) 
AH*, ofC,H 6 = 120.1 kJ/g moi| 


+20.1 kJ/gmol 


25.5 

The AH°r is 0 by definition. 
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25.6 



Basis: 

1 g mol C 5 H 2 

AH (kJi /2 mo!) 

5 C0j(g)+H,0(<) 

-> C s Hj(s)+5^0 2 (g) 

2110.5 

add:5lC(s)+0,(g)] 

-*• 5[C0,(g)] 

5[-394.1] 

add: H ? (g)+io,(g) 

-+ H,0(g) 

-241.826 

add: H, 0 (g) 

-» HjO(f) 

43.911 

net: 5C(s>+H,(g) 

C 5 H 2( S ) 

AH“ f =|-"i43.737 kJ/g mo!| 


25.7 

(a) NH* (0; -67.20 kJ/g mol from Appendix F 

(b) Formaldehyde gas (H 2 CO): -115.89 kJ/g mol from Appendix F 

(c) Acetaldehyde liquid (CHjCHO): 

For gas AH° f =* -166.4 kJ/g mol from Appendix F 

The heat of vaporization at 293.2 K is 25.732 kJ/g mol from the CD, The 

value is close enough to AH vap (298 K) to use. 

AH° f = -166.4 + 25.732 =* -140.7 kJ/g mol 


25.8 


You want to get AH for 


C 3 H j(g)+~Br,(g) -> C,H,Br(g)+i H, (g) 

AH (J) 

(-b) C 3 H 8 (g)-» C 3 H 6 (g)+ H 2 (g) 

+126,000 

(continued) 
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(+a) 

HBr(g)4C 3 H 6 (g)-i.C5H 7 Br 

-84,441 

(4C) 

H;(g)+ B:(g)-> 2HBr(g) 

-36,233 

H) 

Br(g)-> Br(l) 

^1^.355 



Total [-10,029] J/gmoIC 3 H 8 


25.9 

a. Basis: 1 g mol NH 3 (g) 

NH 3 (g) + HCl(g) -► NH 4 C1 (s) 
AH r (kJ/g mol): -46.191 -92.311 -315.4 

AH rxn = ZnjAHj - ZniAHj 

products reactant 

= OX-315.4)-f(l)(^t6.191) + OX-92.31!)] 

= 1-176.9 ItJ/g mol NH 3 (g)| 

b. Basis: I g mol CH 4 (g) 

CH 4 (g) 4 2 0 2 {g) -> C0 2 (g) + 2H 2 0(I) 

iHf(kJ / g mol): -74.84 0 -393.51 -285.840 

AH^ = IiiiAHi- IrijAHj 

products reactants 
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= [(2)(-285.840) + (l)(-393.51)]- [(l)(-74.84) + 0] 

= -890.4 kJ / g mol CH,(g) 
c. Basis: 1 gmol C 6 H 2 (g) 

QH 12 (g) C 6 H 6 (i) + 3H 2 (g) 

AH f (kJ / g mol): -123.1 +48.66 0 

AH^ n = [0 + (lX+48.66)]- [OX-123.1)]= HZLZjL g ^ oI _^6 H i2fe)| 

25.10 

a. Basis: 1 g mol CO 2 (g) 

C0 2 (g) + H 2 (g)-CO (g) + H 2 O0) 

AH 0 ™ = (- 110.52 - 285.84) - (- 393.51) = (-1849 kJl 

b. Basis: 1 g mol CaO (s) 

AH 0 ™ = (-986.59 - 924.66) - [(-635.55 - 601.83) - 2 (285.84)] = 

| -102.19 kJ per moJ CaQ(s)| 

Multiply by 2 for the reaction listed 1-204.38 kJ] 

c. Basis: 1 g mol Na2S0 4 (s) 

AH 0 ™ = (-1090.35 - 110.54) - f-1384.491 = 1183.59 kJl 

(continued) 
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d. Basis: 1 g mol NaCl (s) 

AH'™*(-92.31 - 1126.33) — (—811.32 — 411.01) — 13.67 kJi 

e. Basis: 1 g mol O 2 

AH 0 ™ - [2 (-1384.5) + 4 (-92.31)] - [(-411.00) + 2 (-296.90) 
+ 2 (-285.84)1 = 1-1561,761 

f. Basis: 1 g mol SO 2 (g) 

AH 0 ™ - (-811.32) - (-285.84 - 296.90) - f-228.58 kJl 

g. Basis: 1 g mol N 2 

AH 0 ™ - 2 (90.374) = HM~75~kJ1 

h. Basis: 1 g mol Na^COj (s) 

AH'txn = [3 (-1117.13) + (-393.51)] - [-1130.94 + 2 (-373.21) 
+ 4 (-296.90)] = 1-1867.54 kJl 

i. Basis: lgmolCS 2 (l) 

AH°rxn = (-1394.69 - 60.25) - (+87.86) - 1-287.61 kJl 

j. Basis: 1 g mol C 2 H 2 (g) 

AH 0 ™ = (+105.02)- (52.28 - 92 31 ) = 1-145.05 kJl 

k. Basis: I g mol CH 3 OH (g) 

AH 0 ™ ° (-115.90 - 241.82) - (-201.25) = 1-156:48 kJl 


Solutions Chapter 25 


l Basis: I g mol C 2 H 2 (g) 

AH°™ = (-140.7) - (226.75 - 285.84) = 1-81.61 kJl 
m. Basis: I g mol C 4 H 10 (g) 

AH°™ = (52.28 - 84.67) - (-124.73) = 192.34 kj] 


25.11 

Basis: 1 g mol Fe S 2 
AH 0 ^ =-567.4 ki/g mol FeS, 


(-567.4) kJ 

1 gmolFeS 2 

1000 g .--c . 

kj 

g mol FeS 2 

120gFeS, 

--4728.3 

1 kg 

kg FeS 2 


Note: The information about conversion does not affect the value of the standard heat of 
reaction. It will affect the values in the energy balance. 


25.12 




of Fe 2 0 3 is calculated as follows. 


(0 

AH^ — Snj AHf — Zn| AH^ 



products reactants 



-822.200 kJ = AH’ Wt - AH°,(2)- AH^ @) 

(continued) 
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= AH f -0-0 

f i «20 * 


(2) AH Rx „ =-284.100 kJ 

-284.100 = -822.200 - AH^ (2) - <$ ) 

AHj = k i = P269.0S kJI 

'mj 2 

vs - 267 in Appendix F 


25.13 

The problem requires more information to solve. To make the solution easier but 
approximate, assume the reaction takes place at 25 °C and 1 atm. Assume that the energy 
balance reduces to Q = AH, and that Q represents the desired kJ. Data; 

AH f H 2 o - “285.840 AHj C0: - -393.51, both in kJ/g mol. Ref. temp. = 25°C. Basis: 1 
g mol glucose. MW of glucose = 180. 

(C 6 H, A)glucose + 60 2 (g) 6H 2 0(f) + 6C0 2 (g) 

ah^ah^-ah^,, 

= [6(-285.840) + 6(-393.51)j- [l(-1260)+6(0)]= -2816 kJ 
5> ' 9 °1 £Q 8 ' 6 ) - 114-0 kJ/g glucose] 

At 37°C (body temperature), assume only the 0 2 is used in a reaction 


6 g mol 0 2 


1 g mol sue 


22.4Lat SCI 31 OK 


g mol O, 1273K 


1 g mol sue. 


18Gg sue. 


0.85 L/g at 37T and 1 atm 
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25.14 


G + £ ^ E + F 

AH,^ is at 25°C, 1 atm 

AH gxn = 2AH° f - IAH° f =(l.040 xlO 5 -0.990 xl0 9 )/g tnol G 

prod. react. 


= |50xl0 6 j/g mol G converted| 
Since 0.48 reacts. AH^ = 0.48(50)x 10 6 J / g mol G 

- 24 x 10 6 J /g mol G fed (not asked for) 


25.15 

The reaction is 

CAtt) + 50, (g) 3CO,(g)+ 4H,0(f) 

Need to calculate the heat of formation of QHg (f)and H 2 0 {t) first 

= AH°^ M|I - AH%rf2?c> 

= -24.820-3.820 = -28.643 k cal/g mol 

H,Q(l) 

AH°r.H,o(o - AH°f,H : 0 (j) - AH 0 v*pc5 , cj 

=-57.798-10.519 = -68.317 k cal/g mol (continued) 
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Basis: I g mol CyH$ (C) 

AH^c.h, «, = 4(-68.317)+3(-94.052) - (-28.643)= | -526.781 kcal/gmoij 


25.16 

a. 

Presumably H 2 , 02 , Cl, HCI»and H 2 are gases. 

(1) 6 g mol FeCl *(-403.34 kJ/g mol FeCl 3 ) + 9 g mol HjO (-241.826 kJ/gmol H 2 0) 
-3 g mol Fe 2 0 3 (-822.156 kJ/g mol Fe 2 0 3 )-I8 g mol HC1(-92.312 kJ/g mol HC1) 
= 1-468.39 kJl 

(2) 6 g mol FeC1 2 (-342.67 kJ/g mol FeCl 2 ) + 3 g mol CI 2 (0.0 kJ/g mol Cl 2 ) 

-6 g mol FeClj (-403.34 kJ/g mol FeClj) = 1364.02 kJl 

(3) 2 g mol Fe 3 0 4 (- (116.7 kJ/g mol Fe 3 0 4 ) + 12 g mol HC1 (-92.312 kJ/g mol HC1) 
+ 2 g mol H 2 (0.0 kJ/g mol H 2 ) - 6 g mol FeCl 2 (-342.67 kJ/g mol FeCl 2 ) 

-8 g mol H 2 0 (-241.826 kJ/g mol H 2 0) - 1649.48 kJ) 

(4) 3 g mol Fe20 3 (-822.156 kJ/g mol Fe 2 0j) - 2 g mol Fe 3 0 4 (-1116.7 kJ/g mol 
Fe 3 0 4 ) - ‘A g mol 0 2 (0.0 kJ/g mol 0 2 ) - 1-233.07 kJl 

(5) 6 g mol HC1 (-92.312 kJ/g mol HC1) + 3/2 g mol 0 2 (0.0 kJ/g mol 0 2 ) 

-3 g mo) H 2 0 (-241.826 kJ/g mol H 2 0) -3 Cl 2 (0.0 kJ/g mol Cl 2 ) « {l71.61k)l 

b. 

2H 2 0-2H 2 + 0 2 

={48165 kJl 
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Basis: lg gasoline 


40 kJ 

0.84 

g 

cm 3 


25.17 

Methanol: 


Assume the reaction is: CH 3 0H(0+1 “ 0 2 (g) CO, (g)+2H 2 0(g) 

AHf(kJ/g mol) -238.64 0 -393.51 -241.826 

=-638.52 kJ/g mol 


638.52 kJ 

1 g mol 10.792 g 

gmol 

32.04 g| cm 3 


33.6 kJ 

[cm 3 methanol 

cm 3 gas 

1 15.79 kJ 


Ethanol : 


= 2.13 cm a. (2.13-1) 100= 1113% larger tank] 

cm 3 gas 1 - 5 - 1 


C 2 H 3 OH(0+0 2 (g) 2C0 2 (g)+3H 2 0(g) 


AHj(kJ/g mol) -277.63 0 -393.51 -241.828 

AH p =-1235 kJ/g mol 


1235 

1 g mol 

0.789 g 

g mol EtOH 

46.07 g 

cm 3 


(continued) 
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33.6 kj 

rni 3 p.pvu i 

WH T-irrrrrl ) 

cm 3 gas 

^1 15 M U 1 -luu - pvTo iarger| 

i 

-1 


25.18 

INoI The value reported is the heat transfer for constant volume, Q v . The heating value 
at constant pressure should be reported for the standard heat of reaction (an enthalpy 
change). Assume the reaction is at 25°C. 

CH, (g) + 20, (g) ^ C0 2 (g) + 2H,0(^) 

Basis: 1 g mol CH 4 

Q - AU - AH - A(pV) 

if the gases can be treated as ideal A(pV) = A(nRT) = An (RT). 

An = 1 - 2 - 1 - -2 
The correction is 

AnRT - -2 (8.314) (298) = -4958 J/g mol 

In SI units of273.15 K and 101.3 kPa, the volume is 22.415 m 3 gmol. 

The correction is (ignoring the pressure change from 1000 kPa to pi) 

-4958 

= 22 1 .2J / m 3 or 0.22 kJ / nr 3 

22.415 

Otherwise you have to calculate p,V - p,V where p 2 = 1000 kPa and p, = p' H 0 + p co . 
The value to be reported should be 39.97 - 0.22 - 139.75 ki/m 3 ] 
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25.19 


Basis: lgmolCiH^g) 

C 2 H,(g) + 2H,(g) -> 2CH«(g) 25 D C 


AH“f —1 52.283 

{g mol ) 


-74.84 


AH^ = 2(-74.84) - 52.283 = -202.0 kj / g mol 

The reaction gives Q - AU - AH - A{pV). Assume ideal gases so that A(pV) = A(nRT) - 
An(RT) 

Q = -202.0- (-1) (8.31 x 10 3 ) (298) 

|Q =-199.5 kJ/g mol| 


25.20 

Basis: 1 g mol Cu and i g mol H 2 SO 4 
Data from Perry 
Cu(s)+H,S0 4 (O -> H, (g)+CuS0 4 (s) 

AH^ = (0-772.78)-(0-810.40) = 37.61 kj 
For a constant volume process: 

Q “ AU = AH - A(pV) = AH -An(RT) An = 1 

O = 37.61 - (1) (8.314x IQ' 3 ) (298) = 35. t3 kJ/e mol _ (continued) 
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Basis: 1 lb mol of each reactant 


(37.13)(1000) J 

454 g 

1 Btu 

g mol 

lib 

1055 J 


115,978 Btu /lb mo?l 


25.21 

Yes. Calculate the sensible heats using the tables and using a common reference 
temperature. 


25.22 


C 6 J H n A5 - 3W, + 3 C 3 H 3 O 3 

tristearin stearic and glycerol 

= -f(3)(-964.3) f (3)(-lS9.l6)]-(-3S20)(l)- |-449.6 kj/g Tnol] 


25.23 


a. If the exit temperature is > 25°C, and the dilutent is at the entering temperature of 
the reactants, then less heat has to be removed from the process. 

b. Remains the same as the presumption is in calculating AH°™ that stoichiometric 
quantities react to completion. 

c. At 25°C, AH° ra = AHJ with H 2 0(g)=-241.826 ki/g tnol H 2 0. 

At 500 K, the sensible heats have to be considered, and V% O 2 and H 2 together 
have a larger AH than does H 2 0 so that AH™ at 500 K is less than AH™ at 25°C. _ 
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25.24 

Yes (just the enthalpy of formation in the standard state is fixed). 

25.25 

No. AH\ is arbitrarily assigned a value of 0 at the reference temperature. 


25.26 

S (s) + 02 (g) S02 (g) 




AH React . 


600K (327°C) 


298K (25°C) 


AHprod. 


AH° Rxn 

Basis: 1 g mol S(s) =1 g mol SO 2 (g) 

600 K 55 ran + ^ ^^ptod. K “ ^ 600 K 

prod re»ci 

=[-296.90) - [0+0] = -296.90 kJ/g mol S 
=-296,900 J/g mol S 

prod ,600 K 


(continued) 
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Solutions Chapter 25 


^so,.6cok “J J (38.9! + 3.904x 1(T 3 T~3.104xl(T 5 T 2 + 8,606* 10"*T 3 )dT 
= 13,490 J/g moi (13.530 from Enthalpy Tables) 

£ah 

frit 1,600 K 

This assumes s is really a liquid at 600°C, not a solid as in the equation 

^S.WXIK ” AH 29S-m + AH Asjt>(1 + ^H,186-.600 
solid liquid 

f 3St> . - 600 

= J w| (li.2+2.68xlO-T)dT+10,000+l/2j )s( (35.90+1.26xlO‘’T)dT 

Vi {S 2 from Perry) 

= 2144 + 10,000 + 3975 
= 16,119 J/g mol 

= J (29-10+1.158 x 10' ! T -0.6076x 1 O’’ T ! +1.311 x 10-’T 3 )dT 
= 9,340 J/g mol (8899 from the enthalpy tables) 

AH wWK)K = -296,900+(13,490-25,429) 

= |308,840 J/g mol S| 

25.27 

CjH,(g) --+ CjH, (g)+CH. (g) + H, (g) 

Basis: IgmolCjHe 


ah^au.+^ah^ah^, 

AH”,, = 226.75 + (-74.84)+0-(-103.85) = 255.76 kJ/g mol 

AH = JC p dT = aT + b/2 T ! + c/3 T 3 +d/4 T 4 

AH CiH> = 68.032T +1.130 x 1 O' T-’ - 4.37 x 10' S T J + 7.928 x IOV |” 

= 55.53 kJ/g mol 

AH c , H) = 42.43 T + 3.027x 10 J T 2 - t.678x lO' 5 ? 1 + 4.55x!0‘V|™ 

= 25.89 kJ/g mol 

I 

AH c[)i =34.31 T + 2.735 xlO' J T ! +1.220x10' 6 T J + 2.75x 10' , T 4 |^ 0 j 

i 

= 23.10 kJ/g mol 

AH„. = 28.84 T + 3.825 x ] 0" S T 2 + 1.096x lO^T 3 + 2.175x 10"'°T 4 
= 13.83 kJ/g mol 

i 

AH^ = (255.76+25.89+ 23.10+13.83)-55.53 = |263.05 kJ/g moil 


25,28 


All data is from Tables E.l and F.l of the Appendix. 


a, CH 3 OH(g)+l/2CMg) 2 O 0 °C H,CO(g)+H,0(g) 


Basis: 1 g mol CH 3 OH 

(continued) 
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Com P- C p (J/(g mol)(K or °C)) T AH;(kJ/gmoi) 

CH 3 OH(g) 42.39+8.301 x 10 2 T -1.87x i O' 5 T 2 - 8.03 x 10" 9 T J °C *201.25 

0 2 (g) 29.10+1.158 xlO' 2 T-0.6076 xlO‘*T 2 +l.311 xtO* 9 T J °C 0 

H 2 CO(g) 34.28 +4.268 xlO‘ 2 T-8,694xio'*T J °C -115.89 

H 2 0(g) 33.46+0.6880xl0~ 2 T + 0.7604xlO _i T 2 -3.593x1 O' 9 T 3 °C -241.826 

25 0 O298K 
200°C - 473 K 

AHV^c =H 15.89+(-241.826)]-(-201.25) = -156.47 kj/g mol 


= -156,470 J/g mol 


Products 

Add the C p equations for the two products and integrate (each involves 1 mole). 
^• AH p»d.2iwc =: |j5 (67.74 + 4.95x10" 2 T +0.7604xI0‘ ! T 2 -l.228xlO''T J )dT 
- 12,850 J/g mol 


Reactants 

*200 

AHch.oh =j 3! (42.39+ 8.301xlO" J T-l.S7xlO" f T ! -8.03xl0 _, T J )dT 


= 9000 J/g mol 
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AH 02 = i f“(29.10 +1.158 x 10' 2 T - 0.6076 x 10~ S T 2 +1.311 x lO’T^dT 
-2,650 

4H ™.otc =' t56 > 4 70+12,850 - 2,650 = 1146,270 J/g mol) 
b. SO ! (g)+l/2O I (g)300!CSO J (g) 


DATA: 

Comp. 

Basis: 1 g mol SO 2 

C,(J/(B mol)(K or °C)) T AJT,(kJ/g mol) 

02 (g) 

29.1O + U58xl0" 1 T-O.6O76xlO' J T ! +1.3tlxlO’T i °C 0 

S02(g) 

38.91 + 3.904 x 1 O ' 2 T - 3.104 x 10 ' 5 T 2 + 8.606 x 10 * 9 T 3 °C -296.90 

S0 3 

48.50 + 9.188x 10 ' 2 T- 8.540x 10 5 T 2 + 32.40x I0 9 T j °C -395.18 

AHV„.c = 

-395.18+296.90 = -98.28 kj/g mol = -98,280 J/g mol 

Products 



24H p™u«rc = / J 3 "( 48 -50+9.I88xiO' 2 T-8.54OxIO- 5 T J +32.4OxI0' , T 5 )dT 

= 16,740 J/g mol 
Reactants 

AH S0] = J js (38.91+3.904xlO'-T-3.104xlO s T 2 +8.606xlO-’T 3 )dT 
= 12,180 J/g mol 
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AH 0i = 8,470 J/g mol 


AH 3 «rc 88 “ 98 >280+16,740-12,180-(8,470)^ = j-97,960J/g mol SO, 


25.29 

Basis: 1 g mol SnO 

SnO +1 / 202 -4 SnO, 

AH to25 =-577.8-(-283.3 + 0) = -294.5 kJ/g mol 
= A H„„ JS + Z AH^ -1 AH racl 
AH=J^C,dT 


AH SBO = 39.33T+7.575xl0' :! T J =2.88 kJ 


AH„ -73.89 T+S.02xl0' 3 T~ + 2 16x10 j" =2.89 kJ 


AH 0 , = 29.1 T + 5.79 x | (r’T J - 2.025 x 1 O^T 3 + 3.278 x 10‘ ,n T 4 L = 1 .93 kJ 


AH W = -294.5 + 2.89-(2.88 + 0.5(1.93)) = |-295.46 kJ/g moi| 
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25.30 


Assume steady state flow process with reaction. 


N 2 (g) 


H 2 (g) 

C 6 H 12 (g) 


C«H 6 {g) 

\° 



Ref. temp. = 25°C 
C 6 Hu(g) -> C s H 6 (g)+3Hj(g) 

The standard heat of reactions is 

AH° to = [1(82,927) + 3(0)]—J.l(— 123,100)] = 2.06x 10 5 J /g mol C 6 H l:! 
Material balance: 


Step 5 : Basis: 1 g mol CoH;: (g) in 

Sieps_6jo_9 : 

Make balances for each species so that the unknowns H 2 and CeHs can be calculated. 


Results: 

n «, 

out 

= 0.70(1)(3) = 2.10 

n C,H,. = 10 


n C,H t 

out 

= 0.70(1)(1) = 0.70 

n N; in - 0.50 



out 

= 0.30(1) = 0.30 



«N, 

out 

= 0.50 



Energy balance 


(continued) 
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Component 

AH*, (J/gmol) 

£ C^dTfor use tables)*; T = 

300°C 

Hi 

AHjf (kj) 

Out: H 2 (g) 

0 

8031 

0 

2.10 

16.865 

C 6 H 6 (g) 

+ 82.927 x 10 5 

18,824 or 

0 

0.70 

71.226 

C«H, 2 (g) 

-123.1 x 10* 

35,408 

0 

0.30 

-47.552 

N 2 (g) 

0 

8,031 

0 

0.50 

4.016 

In: C 6 H,,(g) 

-123.1 xlO 3 

0 or 

0 

1.00 

44,556 

-123.1 

N 2 (g) 

0 

0 

0 

0.50 

0 

(a) Q 

= 1.44 x 10 s J/gmol (b) Q = 

+ 1.68 x 

10 s J / gmol 

•123.1 


*ai 25°C exit temp, and entrance temp, these terms arc 0. 


25.31 

Basis: 100 g mol CO 

Assume pressure is 1 atm, and an open, steady state process. 

CO+- 0, -»co, 

2 ” 

The energy balance reduces toQ = AH. The reference temperature is 25°C. 


100 g mol * 


CO ( 



300°C 




C0 2 

400°C 


100 g mol I 0 2 

100°C 


Data: 
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Sensible heats 


Comp. 

mol 

T(°C) 

AHJ(kJ/g mol) 

from CD: AH(kJ/g mo])' AH(kJ) 

In 

02 

100 

100 


2.235 223.5 

CO 

100 

300 

-110.541 

8.294 -10,225 

Out 

0 2 

50 

400 

- 

11.715 585.8 

co 2 

100 

400 

-393.505 

16.245 -37,726 

♦You can calculate AH^,^ 

using the tables in the 

appendix, but the process requires 


interpolation. 


Q = AH = (-37,726+585.8)- (-10,225 + 223.5)= |-27,139ki| 


25.32 


Basis: 1 gal of each fuel 


MW density (g/cm 3 ) 


(1) Ethanol : C,H s OH(f) + 30, (g) 2CO,(g)+3H 2 0(f) 

(2) Benzene : +7.50,(g) -> 6CO, (g)+3H,0(*) 

(3) Isooctane : C 8 HJ0+12.5O 2 (g)-+8C0,(g)+9H,0(f) 

Example calculation 


46 

78 

114 


0.789 

0.879 

0.692 


1 gal Bz 

0.879 g Bz 

3.785 L 

1000cm 3 

1 g mol Bz 

6 g mol CO, 


cm 3 Bz 

1 gal 

1L 

78 g Bz 

1 g mol Bz 


44 g CO, | I lb 

X---—-s 

1 g mol CO, 1454 g 


124 8lb CO,/gai~Bz 


(continued) 
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Other results 

Ethanol: 


12.5 lb C0 2 /gal EtOH| 


Isooctane: jl7,8 lb CO,7gal iso| 


Carry out the standard combustion material balance for stoichiometric air. The ratios are 
at SC or the same temperature and pressure. 

Example of the calculation for benzene (Reaction 2) 


Use data from the CD, heat capacity equations, or tables to get the sensible heats. The 
data below are from the CD. Reference T = 25°C. 


IN; 

ICQ 

mol 

AH°r(kJ/g mol) AH„„ !|Mc (kJ/gmol) 

AH(kJ) 

AH(kJ) 


25 

1 

+ 44.66 

46.66 

o.(g) 

100 

7.5 

2.235 

16.763 

N,(g) 

100 

28.21 

2.183 

61.553 

OUT: 

co.(g) 

25 

6 

-393.505 

2361.030 

H,0(f) 

25 

3 

-285.840 

857.520 

N,(g) 

25 

28.21 

- 

- 

AH R „ =(-2361.030- 

—857.520)—(46.66+16,763 + 61.553) = —3093.6 kJ/g mol Bz 


-3093.6 kJ 

i gal Bz 

0.879 g Bz 

3.785 L 

1000 cm 1 

1 g mol Bz 

I Btu 

g mol Bz 


cm 3 Bz 

1 gal 

1L 

78 g Bz 

1.055 kJ 


- |" 1.251x10 g Btu per gal Bz (exothermic) 
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Ethanol: 

l-T.SSxlO" Btu per gal EtOHj 

lsooctane: 

[—1.21 x 10 s Btu per gal isooctane 

lb CO./10* Btu 

Ethanol 

166 

Benzene 

198 

lsooctane 

147 


25.33 


Steady State, open process. Ref T = 25°C 
Basis: 100 g mol feed 

The moles out come from the material balance, and the other data from the CD. 

Q = AH 

AH data from the CD. 


Comp. % 

IN with eas 

- e mol 

ICQ 

AH°(kJ/g mol) 

AH— <U) 

AH(kJ) 

CO^ 

6.4 

500 

-393.505 

20.996 

-2384.06 

o 2 

0.2 

500 

- 

15.034 

3.04 

CO 

40.0 

500 

-110.541 

14.690 

-3834.04 

h 2 

50.8 

500 

- 

13.834 

702.77 

n 2 

2.6 

500 

- 

14.242 

37.03 


100.0 




-5,475.29 

(continued) 
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In with air 






o 2 

63.28 

25 

- 

0 

0 

n 2 

240.65 

25 

- 

0 

0 


303.93 





Out with fe 






C0 2 

46.4 

720 

-393.505 

32.006 

-16,773.55 

H 2 0(g) 

50.8 

720 

-241.835 

26.133 

-10,957.66 

n 2 

240.65 

720 

- 

21.242 

5,111.89 

o 2 

18.1 

720 

- 

22.555 

408.25 


356.0 




-22,211.08 


Q = AH = (-22,211.08) - (-5,475.29) = |-!6,736kJ| 
(Heat leaving) 
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2534 

Steady state, open process. Ref T - 25°C 
Basis: 100 g mol P 


m ol % 
C0 2 16.1 

W CO 0.8 



1 

h 2 0 

0 2 43 

N 2 78.8 

P UOO°C loco 

coke F 40°C 

Furnace 

mass ft. 

R Refuse 200°C 

C 0.90 j 

H 0.06 A 

inert 0,04 

1.00 

Air 40°C mass fr. 

mol fr. c <J.10 

0 2 0.21 mert 090 

N 2 0.79 100 


1.00 


Data come from the material balances and the CD. 

C p (J /g mol)(°C) 

H 20.8 
C 14.3 

Comp . Percent (g) &nioi AH?(kJ/gmol) AH^ (kJ/gmol) AH(kJ) 

InFf214.8 g) solid 


90.0 

16.11 

40 

- 

0.214 

3.456 

6.0 

12.79 

40 

- 

0.312 

3.991 

_£0 

100.0 

28.90 

40 

- 

ignore 

7.447 

(continued) 

























Solutions Chapter 25 


In air (99,7 g mol) 


0 2 

20.94 

40 

0.442 

9.255 

n 2 

78.76 

40 

0.436 

34.339 


99,70 



43.595 


Out in P fg) 


COi 

16.1 

1100 

-393.505 

24.744 

-5937.05 

CO 

O.S 

1100 

-110.541 

25.032 

-68.41 


4.3 

1100 

- 

26.209 

112.70 

N 2 

78.8 

1100 

- 

38.891 

2064.59 

Water out (g) 

100.0 

6.80 

1100 

-241.826 

30.174 

-2828.17 

205.18 

Refuse 

10g 

200 

- 

1.488 per g 

14.88 


Q = AH = (-2828.17 + 205.18 +14.88) - (7.447 + 43.595) - 1^2659.2 kJl 
(heat exiting) 


25.35 

Basis: 1 g mol CaCl 2 -6H 2 0(s) 
Unsteady state, open process. Reference T = 25°C. 

68°F 20°C and 86* P -> 30°C 
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AU Q AH Hj0eid1| . ng 

Assume AU - 

AH inside the system 


Data 

AH?(kJ/gmoi) 

C p (J/(g)(°C)) 

MW 

CaCl, *6H 2 0 (s) 

-2607.89 

1.34 

219 

CaCl, *2H,0(s) 

-1402.90 

0.97 

147 


Calculate AU 


Comp. gmol Iffi) MW AH^kJ/g mol) AH Kwiil)E (J) AH(kJ) 

Initial 

CaCI 2 • 6H,0(s) i 20 219.1 -2607.89 (1)(1.34)(219.1 )(25-20) -2606.422 

Final 

CaCl 2 *2H 2 0(s) 1 30 129.0 -1402.90 (l)(0,97)(129.0)(30-25) -1402.274 

Out 

H 2 0(g) 4 30 18.0 -241.826 (1)(4.18)(18)(30-25) -965.798 

CaCl, *6H 2 0 (s) -+ CaCl, • 2H,0 + 4H,0(g) 

Per gmol CaCl,‘6H,0(s): 

Q~ AU + AH CTjtiritJ = [(-1402.274) - (-2606.422)]+(“965.798) 

= 238 kJ or 226 Btu/g mol CaCl, *6HjO(s) 


200,000 Btu 

1 g mol CaCl,-6H,0(s) 

219 g 

1kg 


226 Btu 

1 g mol 

1000 g 


(427 lb) 
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25.36 

At 25°C and 1 atm H 2 O is a liquid. 

«i(B)+-|0 J (g)^H 1 0(<) 

AH", (kJ/g mol): - 285.84 0 0 


AiWST 


AHrcucI 


AHp^d 


AH^C 

Basis: 1 g mol H* (g) 
AH 0 ™ -SAHVrcc] 


= -K0(0)-(l)(-285.84)-(|)(0)] = -285.84 kJ/gmol H, 
H 2 O at 25°C is a liquid 


AH 


Prod 



4.184 J 

I8g 

(-25° C) 

(g)( 0 C) 

l g mol 



-1.883 kJ 


AH*« = («) J^ C c C ?a , (8) dT+(i)£ C C p0! , 8) dT = -(718)(t)-(727)(i) —1.081 kJ 
AH ra (0“C) = (-1.883)-(-1.081)+(-285.84) = |-286.64 kJ/g mol H, 
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2537 

(a) HHV = 14,544 (.80) + 62,028 (o.0003 - + 4050(0.006) 

= 11,640 Btu/lb 

LHV = 11,800 - 91.23(0.3) - 11,770 Btu/lb 

(b) HHV =■ 17,887 + 57.5(30) - 102.2 (0.5) = 19,560 Btu/lb 
LHV = 19,560 - 91.23 (12.05)= 18,460Btu/lb 


25.38 

If the fuel cannot produce H,0 as a product, HHV - LHV, but the concept really refers 
to cases in which water is produced so that HHV j. LHV. 


25.39 

Both H 2 and O 2 enter at 0°C, and the products leave at 0 °C. The reference temperature is 
25°C. Stoichiometric quantities react according to the reaction equation. 


ah; (kJ/g mol); 


H 2 (g) + 1/2 O 2 (g) —► H 2 O (t) 
0 0 -285.83 




OH 


W 




m) 


Basis: 1 g mol H 2 (g) 


nC-—- 

o*c 


(continued) 
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AHfoJO'C) = 

S Products “ 


LAH 


Products 


m°c t 


4.184 } 

18g H 2 0 

(sX°c) 

g mol 


Alternately you can use the steam tables or the CD to get the value. The reactants are 
gases, hence AH can be obtained from tables. 


I Reactants 


(0 + 0)+ (1)1^(28,84 + 0.00765 x 10~ 2 T)iT 

+ (a)j! 5. C ( 29 l0 + 1158xl0 -:2 T)lT = -1.45 kJ 
AH Rx„(0°C) = -287.71 -(-1.45)= 1-286.26 kJI 


2S.40 


Basis: 100 lb mol gas 


The reaction for each compound is the stoichiometric amount of O 2 going to C0 2 gas and 
H : ,0 (0 


Como. 

lb mol 

AH(Btu/lb mol) 

AH (Btu) 

C0 2 

9.2 

0 

0 

C 2 H 4 

0.4 

598.000 

239,000 

CO 

20.9 

122,000 

2,544,000 

h 2 

15.6 

123.000 

1,918.000 

CH 4 

1.9 

383,000 

728,000 

n 2 

52.0 

0 

_ 0 


100.0 


5,429,000 


Note; NGI standard state is 60°F 
Btu 5,429,000 Btu 


ft 3 


_ jj_lb mol | 520°R 

100 lb moOS 9 ft 3 I492°R 
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= [j43 Btu / ft J at std. conditions of NGll 


25.41 

Basis; 1 m gas at 25°C and 1 atm with 40% relative saturation 


Calculate (he moles of C 9 Hj 2 gas. Its pressure at 25°C is calculated as follows: 

(P HjO ” ^.2 kPa) 

(3.2) (0.40) - 1.28 kPa, and thus the pressure of the C$Hi 2 (g) is (101.3-1.28) - 100 kPa. 



100 kPa 

1 m 3 


l(kg mol)(K) 

1 atm 


298 K 

8.314(kPa)(m 5 ) 


= 0.0404 kg mol 


Basis: 1 g mol n-propyl benzene (C 6 H 5 * CH 2 ' C 2 H 5 ) 

The higher heating value is with H 2 0 as a liquid. Also, at 25°C, C 9 Ht 6 is a liquid; its 
normal boiling point is 432 K. 

C 9 H 12 U) + 12 0 2 (g) - 9 CO 2 (g) + 6 H 2 0 (6) 

A ”°f(gmoi) : “38.40 0 -393.51 -285.840 


a H°k» = f 6 (-285.840 + 9 (-393.51)] - ((1) (-38.40)] 
~ ”5218,2 kj/g mol C<,H n 


HHV=- 


-5218.2 kj_ 

g mol C 9 H J2 
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25.42 


Basis: 100 mol of gas 


(ai) 


Mo1%f 


-A1I°c2 

Como. 

mol.wt 

Vol.% 

lb kJ/e mol 

kJ/e mol 

CH 4 

16 

88 

1408 890.35 

802.32 

C 2 H 6 

30 

6 

180 1559.88 

1427.84 

C 3 H* 

44 

4 

176 2220.05 

2044.00 

C 4 HI 0 

58 

2 

116 2878,52 

2658.45 

Total 


100 

1880 



mol. wt. mixture = 18.80 lb/lb mol 

-AH°c,=H 2 0(1) to C0 2 (g) products; -AH° Cj = H 2 0 (g) + CO, (g) products 


AH°i jxn [AH C prod - AH° C react j - 1022.90 kJ/g mol 


(a.) AH*. = 


-1022.901 

1454 gmol 

Btu 

| lb mol 

gmol | 

lb mol 

1.055 kJ 

18.80 lb 


= -23,600 — 
lb 


|HHV = 23,600 Btu/lbl 


(32) AH'™ = (-23,600) (18.80) = -439,000 Btu / lb mol 


lHHV = 439,000 Btu/lb moll 


(ai) AH 0 - "439,000 Btu 

_‘.k™ 31 _ llfi0 

(35) lb mol 

379.2 ft J at 60°F, 760 mm Hg 
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HHV = |l 160 Btu/ft 3 at 60°F, 760mmHg[ 

(bi) AH°2 rxn * —925.71 Id/gmol 

AH °2- = ~ 925 ' 7 ‘I l^sl 18.80 ^~ 21 - 2 °° BUl/3b 

|LHV = 21,200 Blu/lb| 

fl>2) AH° 2 ran - (-21,200) (18.80) = 1-398.000Btu/lb mol| 

|LHV = 398,000 Bta/lb mol] 

0>3) AH°2 rxn = (-398,000)/(379.2) “-1051 

LHV » 1051 Blu/ft 3 at 60°F and 760 mm Hg 

25.43 

Write the equation for the combustion for 1 gram as: 

1 g of Fuel or food + Oxygen CO,(g)+H 2 0(1)+N 2 (g) 

Both die reactants and the products are at 25°C and 1 atm. The chemical energy released 
by the complete combustion of 1 g of a food or fuel according to the above equation at 
standard conditions is the heat of combustion. Assume the AHc are additive. Then 

AH C = (17.1)(28)+(39.5)(10)+(14)(4) = 930 kJ 

The High Energy bar has (capital C for calorie) 


220 Calories 

1000 calories 

4.184 J 

IkJ 


1 Calorie 

1 calorie 

1000 J 


The values are close enough. 
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25.44 


i 


When the combustion results in a single component. 


25.45 


Basis: 1 lb mixture 


Get the data for the AH C in Btu/lb, not Btu/mol. 

Component Mass fr., ®> 5 AH c (Btu/lb) AH(Btu) 


Basis 
1200 lb 


Hexachloroethane, C 2 C1 6 

0.0487 

Tetrachloroethene, C 2 Ch 

0.0503 

Chlorobenzene, C 6 H 5 CI 

0.2952 

Toluene, C 7 Hk 

0.6058 

Total 

1.000 


828 

40 

58.44 

2141 

108 

60.36 

11,876 

3,506 

354,24 

18,246 

11,053 

726.96 


14,707 1200.00 


The Btu/lb are |l4, 7071 from the heat of combustion data, a deviation of 3.2% from 
15,200. For DuLong’s equation, the component elements are needed. 


i 
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Basis: 12001b 


C 

H 

Cl 

0 

MW Total (lb) 

c 2 cn 

24 

0 

213 

0 

237.00 

ft)j 

0.10 

0.00 

0.90 

0.00 


lb 

5.84 

0.00 

52.60 

0.00 

58.44 

C 2 C 1 4 

24 

0 

142 

0 

166.00 

<° s 

0.14 

0.00 

0.86 

0.00 


lb 

8.45 

0.00 

51.91 

0.00 

60.36 

C 6 H 5 C 1 

72 

5 

35.5 

0 

112.50 

( 0 ; 

0.64 

0.04 

0.32 

0.00 


lb 

226.71 

14.17 

113.36 

0,00 

354.24 

C 7 H* 

84 

8 

0 

0 

9200 

( 0 . 

0.91 

0.09 

0.00 

0.00 


lb 

661.53 

65.43 

0.00 

0.00 

726.91 

Total 

902.53 

79.60 

217.87 

0 

1200 

0 >i 

0.75 

0.07 

0.18 

0 

1.00 

HHV - 

14,455 C + 62,028 H - 7753.50* + 4050 S 


(continued) 
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* (14,455)(0.75) + (62,028)(0.07) 

- 1 \ 5,1831 Btu/lb (the higher heating value) a deviation of 0.1 \% 


25.46 

The reactions are: 

C 2 H s OH(l)+ 3 0 3 (g) 2 CO,(g)+ 3 H 2 0(I) (l) 

C 9 H„(!)+12.5 O,(g)->8 CO,(g)+9 H,0(1) (2) 

= - £ MflL- I »«] 

_ product* rcjctinis 

For (l): -T(2)(0)+(3)(0)-(3)(0)- (1)(~1366.91) = -1366.91 kJ/g mol C 2 H s OH 
For(2): -[(8)(0)+ (9)(0)-(12.5)(0)- (-1307.53)(4.184)J»-5470.71 ki/g mol C 9 H 19 
Note: the AH C -1307.53 k cal/g mol for n-octane liquid is from Perry. 

Basis: 1 kg gasahol 

Component mass.fr. = kg MW gmol AH(kJ) 

C 2 HjOH 0.10 46.05 2.17 -2,966 

CgHig MO 114.14 7.89 -43,137 

Total 1.00 |—46, i03j 

If the fuel were all octane 
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l kg octane 

l kg mol octane 

1000 g 

-5470.71 kJ 


114.14 kg octane 

1kg 

g mol octane 


- = -47,930 kj 


^g’ ,03) ooo-Ba 


25.47 


Basis: i g mol dry cells 


The heat of reaction is 

AHL =-[Sn i 4H^-Sn i AH» c ] 
products reactants 


For 100 g dry cells 


= -f(l)H, 5! 7) + 2.75(-393.51)+3.42(-285.840) 

-6.67(-2,817)-2.10(0)] = -15,213 kJ/g mol cells 


-15,213 ki 

lgmol 

100 g dry cells r 

g mol dry cells 

84.58 g dry cells 

t 


25.48 

Basis: l g mol yeast 

The heat of formation is 

3.92 C + 6.5 H + 1.94 O, -> C 3 92 H M O lM 
The heat of combustion is for the reaction 

c,„ H u 0,„ + 5 . 600 , -> 3.92COj(g) + 3.2SHj 0(0 


(continued) 
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-1,518 kJ=-[Sn i AH' j -En i AH?.] 

product reactants 

-1,518 = -[(3.92X-393.51) + (3.25)(-285.840)- 5.60(0) - (l)AH" yos , ] 
AH’^ = -963.54 kJ/g mol 

The molecular weight of C lw H k5 0 )9 , is 84.63. Per 100 g yeast 
AH?,^ - (-1139 kj/i 00 g yeast] 


25.49 

Basis: The given data 

AH(kJ/g mol) g mol produced/^ moi glucose 


Ethanol 

-1330.51 

0.94 

Acetate 

-887.01 

1.05 

Formate 

-221,75 

1.76 

Lactate 

-1330.51 

0.05 

Glucose 

-2661.02 

1.00 (consumed) 


The enthalpy change in the solution was 

AH^ =Xn f AHj -XfljAHj 
products reactants 


= [(0.94)(-1330.51) + (1.05)(-887.01)+1,76(—221.75) 

+0.05(-l330.5 1)] -(1 .00)(-266 1.02) = [22,T%~kJ/g mol glucose] 
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26.1 

Assume that the furnace has to be ready to function at the operating temperature after 48 
hours. 

Oil required at idle Lused 

Operating for 48-hours: 270(48)= 12,960 x 119 = $2,462 


Oil required for 6,5 hours of heating 

Heating 60(6.5) 4,940 x $ .19- 939 

Difference $1,523 

The problems may have to do with excessive maintenance on shutting the furnace 
down and starting it up. The insulation may be damaged. 


26.2 

Nitrogen, in general, does not react with other chemical species during a 
combustion process, although some NOx forms, but its presence affects the outcome of 
the process because the sensible heat of nitrogen absorbs a large proportion of the energy 
released during the chemical process. 


26.3 

Moisture, in general, does not react chemically with any of the species present in 
the combustion chamber, but it absorbs some of the energy released during combustion, 
and it raises the dew point temperature of the combustion gases. 


26.4 

(a) reduces 

(b) increases 
_ (c) reduces 
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26.5 

The reaction is: 

N 2 H 4 (f) + 0 2 (g)^N 2 (g) + 2H,0(g) 

Calculate the material balance first: 

Basis: 1 g mol N 2 H 4 


In 


N2H4 I 
0 2 2 



Out 


N 2 l+2 



02 1 
H 2 0 2 


The energy balance reduces to (with Q = 0): AH = 0, or AH prtXtuctJ - AH^^+AH^K). 
This solution uses the heats of combustion: 

Heat of reaction 

AH»„„(25)= 

= -[{2(-!0.8)+0}-{(-45.57X!)+0}] 

= -[-21.6+45.57] = -23.97 k cal 

Sensible heats : 


(continued) 
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N,: 2 (~) (3,570-179) - 25.600 k cal 


O,: 2 (3.745 —175) = 7.140 k cal 

■£ = 35.49 k cal 

NjH,: 33.2 (100-25) = 2.49kcal 



AH toc „„ c - AH^,(25) = 2.49 + 7.140 + 25.6 + 23.97 = 59.20 k cal 


Use trial and error 
Assume 500°C: 


products ’ 

N ? 8.52 (3.396) 29.0 

0 2 1 (3.570) = 3.57 

H 2 0(g) 2 (3.448) - 6.90 

39.45 k cal 

39.45-59.20--19.75 
A ssume 1000°C : 


N 2 8.52 (7.308) = 62.30 

0 2 ( (7.741) - 7.74 

H 2 O(g)2(9.01)- 18.02 

88.06 kg cal 

88.06 - 59.20 - 28.86 
Interpolate between 500°C and 1000°C: 

19 75 19 75 

-—-= * 0.406 0.406(500°C) = 203°C 

28.86-(”19.75) 48.61 

T = 500 + 203 Is 700“ cl 
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26.6 


Basis: 20fr C-tHio at 15.5 psia and 70°F (1 min) 
P = ? 


F — 


C4H10 100% 


Furnace 


> A 

air 20%xs 
0.21 0 2 
0.79 N 2 
1.00 


C0 2 

o 2 

N 2 


n co 2 

n 0 2 

n N 2 


H 2 0 n H?Q 
2-P 


Air IN: 


C.H,„ + y O, -> 4CO, + SH,0 


IN: n= pV =F=' 5 ' 5psia 

20 ft’ 

I l(lbmol)CR) 

“ RT 530°R 


110.73 (psiaXft 3 ) 

- 0.0545 lb mol 



0 2 reqd 0.0545 ^yj 

= 

0.354 lb mol 

0 2 xs 0.0545 |yj (.2) 

- 

MIX 

Total 0 2 


0.425 

N 2 in 0.425 

= 

1.599 lb mol 


Material Balances 


(continued) 
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in 

out 

(lb mol) 

C: 

0.0545 (4) 

n co 2 = 

0.218 

N 2 : 

1.599 

n N, * 

L599 

2H: 

0.0545 (f) 

n H 2 © “ 

0.273 

20 : 

0.425 

"co, +( n H,o /2 ) + n o, "o, = 0-071 


Total moles out - 


2.161 lb mol 


2.16! lb mol 

I0.73(psia)(ft 3 ) 

1360°R 


(lb mol)(°R) 

14.9 psia 


- 2116 ft 3 at 900*F and 14.9 psia 

Reference temperature = 77°F 

AH-AH^+AH^-AH^ 


Per g mol of C 4 H 10 


13 y 


AH^ =5(-241.826)+4<~393.51)-1(—124.73) —y(0)--2658,44 kJ/gmol 
On the basis of 0.0545 lb mol C 4 H 10 


0.0545 lb mol 

454 g 

-2658.44 kJ 

1 Btu 


i lb 

g mol 

1.055 kJ 


- = -62,349 Btu 


Sensible heat of entering C<Hio (361 J/g mol) 


0.0545 lb mol 


454 g 


1 lb 


0.361 kJ 


gmo! 


1 Btu 


1.055 kJ 


8,47 Btu 
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Sensible heat of exiting gases 


AH C0 , = (0.218 lb mol)(36,953 Btu/lb mol) = 

8,056 Btu 

AH Kt = (1.599)(24,560) 

32,721 

AH „ i0 =(0.273)(29,301) 

7,999 

AH 0j = (0.070)(25,811) 

L833 

AH = -62,349 + 50,159-8.5 =[-12,198 Btu| 

50,159 Btu 


26.7 

Steady state process, no reaction. 


3000 Ib/hr @ 900°F and 380 psia 


F Ib/hr @ 1200°F and 400 psia 


Q = 2x 10 s Btu/ChrXft 3 ) 

Basis: Q * (2 x 10 S )(40) = 8 x 1Q 6 Btu = 1 hour 
The energy balance is: Q = AH 
In 

mass (lb) AH(Btu/lb) AH(Btu) 

(1) 3000 (satd) 38.05 1.14x10 s 

(2) _ F (satd) _ 38.05 _ 38.05F _ (continued) 


3,000 Ib/hr 

h 2 o 


70°F 
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Out 

(!) 3000 1469.2 4.408 x 10* 

(1) F 1628.8 I628.8F 

AH*,, AH,„ Q 

(1628.8F + 4.408x!0 6 )-(38.05F + 1.14 x iO 5 ) = 8x 10*' 

|F = 2.316 Ib/hr] 


26.8 


Basis: l hr 


The number of moles of flue gas is 


a (1.3xl0 4 ft 3 ) (1 atm) (lb mol) (°R) 
tf * (1410°R) (0.7302) (ft>) (atm) 


= 22.63 lb mol 


Air 77°F 



The energy balance with Q = 0 reduces to AH out = AH^, 
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AH (950°F- 


AH (350 o F- 


Comp. 

% 

lb mol 

77*FLBtu/lb 

AlHBtul 

17°FLB_iu/!b 

AlHBtul 

CO, 

13.4 

1.69 

21,480 

36,301 

6,257 

10,574 

Oi 

3.6 

0.45 

15,370 

6,917 

4,580 

2,061 

N 2 

83.0 

10.48 

14,553 

152,515 

4,441 

46,542 


100.10 

12.63 


195,733 


59,177 




AH (300°F- 







77°F) BUi/lb 

AH (Bm) 



Air 

100 

n 

3633 

3633 n 




3663n + 59,177 = 195, 733 + 0 
n = 37,28 lb mol 


V - ——— —y^ 1 ) —= j l,46 x To ^ ftVhrl at 7TF«d 1 a.m 
(lb mol)(°R)(l atm) - 


26.9 


Basis: 1 g mol Ha (g) 

Assume 85°C means the exit water is at 85°C, but the H 2 and O 2 enter at 25 U C for 
simplicity. 


1 g mol H 2 (g)25°C 


0.5 g mol 0 2 (g) 25°C 


0 2 (g) 85°C 
H 2 O(0 85°C 
H 2 (g) 85°C 


0.175 g mol 
0.65 g mol 
0,35 g mol 


The overall equation for the electro chemical reaction is 


(continued) 
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Anode: H,(g)->2H‘+2e' 

Cathode: i 0 2 (g)+ 2H* +■ 2e‘ -* H,0(*) 

Netreaction: H,(g)+io,(g)-. H.Otf) 


Use the CD to get AH for O 2 and H 2 . The energy balance reduces to AH = W. 

Enthalpy in Enthalpy out (AH = jcpdT) 

sensible heats: sensible heats: 


AH of H 2 - 0 
AHofOa-O 

AH°f of H 2 =0 


AH of H,0(0 = ~ 


0.65 

4.18 J 

18 g 

(85-25)°C 


(gX*C) 

Ig mol 



AH ofH 2 = (0.35) (1.732) = 
AH of0 2 = (0.175) (1.783) = 


^ 2,937 W 


0.606 

0.312 


AH°r of O, =0 AH°r(kJ/g mol) = -285.840 kJ/g mol 


AH 0 ^ = (0.65)[(-285.840)-0] = - l 85.796 kJ/g mol H 2 


W = AH out - AHfc + AH 0 ™ = (0.606+ 0.312+2.937) - 0+(-185.796) 
- -181.941 kJ 


-181.941 kJ 

2.773xl0~ 4 kwh 


IkJ 


= 10.0505 kWhl 

---- 


26.10 


The chemical formulas and combustion analyses are as follows: 
Combustion of iso-octane: 
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C,H„+12i0 J -»8C0 I +9H J 0 (1) 

lb= 114 + 400 “ 514—»352+ 162 = 514 (2) 

Combustion of ethyl alcohol: 

C 2 H 5 OH+3 0 2 -> 2 CO, + 3 H,0 (3) 

lb - 46 + 96 - 142-*88 + 54= 142 (4) 

Combustion of methyl alcohol 
CHjOH+3 / 2 0 2 -* C0 2 + 2 H 2 0 (5) 

lb = 32+ 48 = 80-^44+ 36 = 80 (6) 


Combustion of methane: 

CH 4 +20, CO, + 2 H 2 0 
lb =16 + 32 = 80 -*44 + 36 = 80 
Results 

Heat of Combustion (BhTl 

Mol. lb 



wt. 

per eal 

ner lb mol 

per sal 

Iso-Octane 

114 

5.793 

2,173,000 

110,423 

Ethyl Alcohol 

46 

6.630 

533,000 

76,822 

Methyl Alcohol 

32 

6.610 

269,000 

55,565 

MTBE 

88 

6.2 

1,328,800 

93,620 

CNG* 

16 

2.5* 

341,000 

53,280 


♦Effective density. Compressed natural gas dissolved in a suitable liquid. 

____ (continued) 
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mpg 

Relative 

toiCx 

moe* 

Consumed 

gal /1000 

miles 

per lb 
mol 

per gal 

% Less lb CO 2 
than Emitted 
iCs 1000 miles. 

Ratio 
to iCa 

Iso-Octane 

100.00 

40.00 

25.00 

352 

17.887 

0 

447.175 

1.00000 

Ethyl Alcohol 

69.6 

27.83 

35.93 

88 

12.680 

29.07 

445.592 

1.01882 

Methyl Alcohol 50.0 

20.13 

49.68 

44 

9.089 

49.28 

451.529 

1.00974 

MTBE 

84.4 

33.91 

29.49 

220 

15.500 

13.36 

457.095 

i.02218 

CNG 

48.4 

19.52 

51.23 

44 

6.875 

61.56 

352.206 

0.78762 


lb of CO Exhausted 


* Proportional to heat of combustion/gal. 

26.11 

Basis: 1 min 

Find the lb mol/hr (assume waste gas MW = 29, otherwise the composition has to be 
known). 

(3000 fOfn, ffiX ib moor K) = 11611bino| 

,n (590°R)(0.7302)(ft 3 )(atm) 

HHV is at SC so assume the CH.t enters at SC 
359 ft’j 1059 Btu 


HHV = - 


' =3.80x 10 s Btu/lb mol CH, 


lb mol | I ft’ 

AH„(77'F) = -3.80x10* Btu/lbmolCH, 

The energy balance reduces to AH + AH^ = 0. Assume C p of the incinerated exhaust 
gas is that of air. Let n CH< be the lb mol CH 4 in. 

AH OUT at 1200° F 
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Assume the exhaust gas has the same properties as air, or else the composition has to be 
known; AH data are from the CD. 


AH 1 ; 


( n i. + n CH. ) 

19,132 J| 

! 454 g 

1 Btu 


g mol | 

! 1 ib 

1,055 J 


- = (n c>J + 1 l.61)(8233)Btu 


AH IN at 130°F 


AH™; = (11.61)(857)(45.4)/1,055 - 4282 Btu 


8233n CH< + 95,586 - 4,282 + n c „ H (-3.802 x ] 0 5 ) = 0 

n cw 3 =0.25 lb mol 

The ft 3 at SC ofCH 4 is [90/minI 


26.12 

C 3 H 6 (g) + 9/2 0 2 (g) - 3 C0 2 (g) + 3 H 2 0 (g) 
Basis: 1 g mol C 3 H 8 (g) 


1.00 g mol C 3 H 6 (g) 
25°C-H 


T = ? 


AH = 0 - -AH + Q + W 


A 
25°C 

N 2 : 5.4 ( 2 ?) =20.31 
O, : ? + u.2 f =5.4 




g mol 
CO, 3 
-> H,0 3 

o; 0.9 

n; 20.31 


(continued) 
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Air in: req’d 0 2 : 9/2 g mol 1 





5.4 mol 0, 

xs20% (.2) (9/2) = .9 g mol ’ 



N 2 in 5.4 (79/21) = 20.31 g mol 




Sensible heat 


Reactants 

g mol 

AH(kJ/g mol) 

AH°(kJ/g mol) 

C 3 H 6 (g) 

1 

0 

20.41 

02(g) 

5.4 

0 

0 

N 2 (g) 

20.31 

0 

0 

Products; 

Assume T = 

2000K 



g mol 

AH(kJ / g mol) 

AH’(kJ/gmoI) 

co 2 (g) 

3 

(92.466-.912) 

-393.51 

H 2 0(g) 

3 

(73.136-.837) 

-241.826 

Qjfg) 

0.9 

(59.914-.732) 

0 

N 2 (b) 

20.31 

(56.902-.728) 

0 


Assume T - 

2500K 


C02(g) 

3 

(I23.176-.912) 

-393.51 

HiO(g) 

3 

(98.867-.837) 

-241.826 

02(g) 

0.9 

(79.U9-.732) 

0 

Nj(g) 

20.31 

(75.060-.728) 

0 

By linear interpolation [T = 

2180KI 


Calculation T 

85 2250K, gives better precision |T = 

2217 Kl 


AH(kJ) 

20.41 

0 

_0 _ 

20.41 


AH(kJ) 


-905.87 

-508.58 

53.26 

1140.89 

-220.30 


-813.74 

-431.39 

70.55 

1 509.68 

-335.11 
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26.13 

By making an adiabatic flame temperature calculation for each gas, the values, in order of 
increasing temperature, are found to be: 

CH4 (3750°F) 

C 2 H 6 (3820°F) 

C4Hg(3870°F) 

Equilibrium aspects were not taken into account in the calculations. 
However, you can obtain the same relationships (but not the values of T) by looking at 
the values of AHJ^,. 


26.14 

Steps 1.2. 3. and 4: 

This is an open system with reaction. The process is in the steady state. 


F(g mol) 

CH 4 (g) , 

System 

P (g mol) C0 2 (g) n TOi 

100% 

H 20 (g) n Hi0 

T-300K 

7 

A(gmol) sr. N 2 (g) n Nj 

- o 2 W* 0 2 (g) „ 0 , 

N 2 QJ9 fTp 

T =25°C 1*00 


CH.(g)+20,(g)-» C0 5 (g)+2H;0(g) 

AH)(kJ / g mol) -74.84 0 -393.51 -241.826 

___ (continued) 
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Basis: 1 g mol CH 4 (g) 


Step 5: 

Step 4: Calculate the amount of entering air: 

0 2 required: 2gmol 
0 2 entering: 2( 1.10) = 2.20 g mol 
N 2 entering: 2.20 (0.79/0.21) = 8.28 g mol 
Steps 5. 6. 7. 8. and 9 

Calculate the amount of exit gas 
Balances (g moh _ In _Out. 

C 1 

H 1(4) 

O 2.20(2) 

N 8.28 

Summary of moles out: 

n co, ” * B m °l n Ki ” 8-28 g mol 

n H . 0 = 2 g n G _ = 0.20 g mol 

The energy balance for an adiabatic process reduces to AH = 0 - j 

X UfAHj ~ X n i^i * Because the outlet temperature is to be calculated, if we use j 

proJjds itacun ts 

enthalpy tables for the gases, a trial and error solution is required. If we integrate heat 
capacity equations, solution of a cubic or quadratic equation in the outlet temperature is 
required (if truncate C p equations). 

Compound gm ol T AHj(kJ/gmol) AH^kJ/g mol) AH(kJ) I 
Reactants 


n Hjo(2) 

n O, (2) + n H,0 "*■ n C0 2 (2) 
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CH 4 (g) 

1.0 

300K 

-74.84 

(0.950-0.879) 

-74.77 

02(g) 

2.2 

25°C 

0 

0 

0 

Ni(g) 

8.28 

25°C 

0 

0 

0 






-74.77 

Products: 

Assume T 

= 2000 K 





C0 2 (g) 

1.0 

2000 K 

-393.51 

(92.446-0.912) 

-301.98 

H 2 0(g) 

2.0 

2000 K 

-241.826 

(73.136-0.837) 

-339.05 

02(g) 

0.20 

2000 K 

0 

(59.914-0.732) 

11.84 

Nj(g) 

8.28 

2000 K 

0 

(56.902-0.728) 

465.12 

-164.07 

T = 

r 2000K is too low 




Assume T 

= 2250K 





C0 2 (g) 

1.0 

2250K 

-393.51 

(107.738-0.912) 

-268.68 

H 2 0 (g) 

2.0 

2250K 

-241.826 

(85.855-0.837) 

-313.62 

Oj(g) 

0.20 

2250K 

0 

(69.454-0.732) 

13.74 

N 2 (g) 

8.28 

2250K 

0 

(65.981-0,728) 

540.30 

-28.26 

T = 

2250K is too high 




A linear interpolation gives 




T = 2250- 

-74.77- 

’164.07- 

■28.26 ( 250 ) = 
-28.26 ^ 

121581 
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26.15 



mol fr. 

CH 4 (g) 

0.4 © . 

CO(g) 

0.4 

H.(g) 

0.2 

1.00 


Furnace 


Steady state process 


© 


’© 


mol fr. 

0 2 (g> 0.21 

Nj(g) SL2SL 
1.00 


gmol 

CO,(g) n co? 

HjO(g) n H|0 
N 2 (g) n Nj 
0 2 (g) n 0 , 

zTp 


Basis: 1 g mol F 

Calculation for xs air 

0, red 

gmol 

CH 4 + 20 2 —► CO, + 2H,0 

0.4(2) = 

0.8 

CO + io 2 —> CO, 

0.4(0 = 

0.2 

h 2 +4o,-+h 2 o 

0-2(0 = 

OA 

xs0 2 : 

1.1(3.0) 

1.1 

13 


Total 0 2 in 

4.4 

N, in: 

4 . 4 (a) - 

16.55 

Material balance for output (g mol) 

C0 2 : (C balance) 0.4+ 0.4-= 


gmol 

0.80 

H 2 0: (H 2 bal) 0.4(2)+ 0.2 = 


1.0 

0 2 : (02 bal) 0.4(14) + 4.4 - 

0.80- 1.0 0/ 2 ) = 

3.3 (th 
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n 2 



16.55 


Energy balance reduces to Q 

= AH and Q = 0 so AH = 0 


LetT ref =25°C 




Let T = 

1000°C 




Outout 

gmol 

AH® (cal/g mol) 

AH 2S (cal/g mol) 

AH (cal) 

C0 2 (g) 

0.8 

-94,052 

(11,846-217.9) 

-65,939 

H 2 0(g) 

i.O 

-57,798 

(9210-200.3) 

-48,788 

0 2 (g) 

16.55 

0 

(7482-174) 

+120,947 

N 2 (g) 

3.3 

0 

(7916-175) 

+25.545 



Total 

+31,765 

Inout fstavs same for each outout T 



CH 4 (g) 

0.4 

-17,889 

0 

-7,155.6 

CO(g) 

0.4 

-26,416 

0 

-10,566.4 

H 2 (g) 

0.2 

0 

0 


0 2 (g) 

4.4 

0 

0 


N 2 (g) 

16.55 

0 

0 




Total 

-um 


AH = 

3l,765-(-17,222) = 

49,487 (too high) 


Let T = 
Output 

500°C 



-71,144 

C02(g) 

0,8 

-94,052 

(5340-217.9) 

H 2 0(g) 

1.0 

-57,798 

(4254-200.3) 

-53,744 

Na(g) 

16.55 

0 

(3569-174) 

+56,187 

02(g) 

3.2 

0 

(3745-175) 

+ 11,781 



Total 

-56,920 


AH = 

56,920-(-17,222) = 

39,698 (too low) 

(continued) 
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1000° C- 1 2 3 4 5 - 4 - - --(500) = ( 72 ?cl 

49,487 -(-39,698) V 1 - 1 


26.16 


fuel 

100°F~ 


Q ~ o 


- flue gas T “ ? 


20% xs air 60°F 

No W, APE, AKE, Q so AH = 0 


AH - AH^ +AH ^ Ali Reafl - 0 so that AH^ -AH Reic , AH , 


(1) increase the inlet temperature of the fuel (increase AH of reactants) 

(2) increase the inlet temperature of the air (increase AH of reactants) 

(3) reduce the excess air (relative to the fuel) but still have complete combustion 
(the number of moles of N 2 , O 2 are reduced), and use less energy to go from 
77°F to the adiabatic reaction temperature) 

(4) increase the concentration of CH 4 in the gas 

(5) use oxygen enriched air 
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26.17 


ir 




0 . 210 2 

, 0.79 N 2 1 

l g mot 



i 

CO, 93°C 

Doner 

981°C 


n 0 2 

n N 2 


Basis: I g mol CO; assume complete combustion because of the excess O 2 
Equation: CO + 0.5O 2 —*► C0 2 


0 2 Required: 
Excess 0 2 : 


I gmojCO ^O.S mol °; =Q 5mo iQ, 
1 i mol CO 

(l+x)0.5 - mols 0 2 in feed 

where x = fraction excess 0 2 


Material Balance; 


Component 

mols in 

mols out 

C 

1 

ft co r ~ ^ 

0 3 

0.5(1+x) 

n 0? =0.5x 

n 2 

0.5(1+x)(0.79/0.21) 

n N; -1.88(1+ x) 


Enthalpy Balance: (Using 25°C as the reference temperature) 
Assume that Q is essentially zero. Then 


(continued) 
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AH SyBen = 0 
AH^-AH^O 
AH to =lAH«f + l£c,,dT 

AH h = 1.0(AH-, X o) + 1.0(AH^C-AH mj?c ) + CI + 0.5x)(AH Ot , y C-AH OiJ5 . c ) + 
I.88I(I + x)(aH N!WC -H K;J s . c ) 

AH h = 1.0(-110520)+1.0(2708.58 - 728)+(1 + 0.5x)(2744.92 - 732)+ 
(1.88(l+x)(270S.94-728) 

AH te = —102807.97 + 4724.99x J/mol 

AH^-lAH'r + Xj^dT 

AH^ - 1.0(AHVo,)+J.0(AH COi „ r C-AH COi , js . c )+0.5x(aH c>! C- AH^)* 
1.88(Ux)(aH Ni5!1 . c -AH N iB „ c ) 

AH 0Ut =, 1.0(-393510)+1.0(48474.44 - 912)+0.5x(32428.44 - 732)+ 

(1.88( 1+x)(30653.38-728) 

AH^ = -289687.85+72107.93x J/mol 

AH^, - AH to - 0 « -289687.86+72107.93x - (-102807.97+4724.99x) 

Solve for x: x=2.76 

Percent Excess Air = 276% _ 
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26+18 




a. Gas 

Basis 100 g mol Ref. temp. 25°C 



Material balances: 

Products 

Comp. 

%-mol 0 2 reqd. 

mol CO* 

H?Q N* 

CH 4 

96.0 CH 4+2 0 2 ^C0 2 +2 H 2 0 (g) 

192 96 

192 

co 2 

3.0 

3 


n 2 

U 4 O 


1 


100.0 



N 2 entering 192 (72/21)« 722.3 

— 

_ 722.3 


Total 

99 

192 723.4 


Q = AH * SAH^ - EAH^ = 0 and solve for products 



H 2 0 C0 2 

ch 4 



AH; =(-241.826) (-393.51) 

(-74.84) 


In: 




Comp. 

g mol AH (kJ/g mol) AH* 

J r(kJ/gmol) 

AHOdfl 

o 2 

192.0 -(.732-.S27) 

0 

- 39.36 

CH 4 

96.0 -(+879-.630) 

-74.84 

-7208.54 

co 2 

3.0 -(+912-.655) 

■393.51 

-1181.32 

n 2 

1.0 -(+728-.524) 

0 

- 0.20 


292.0 


-8429.42 

Out 




Use either the enthalpy tables and trial and error, or calculate the temperature so 

that AH out 

- -8429.42: 




EnJr^C.dT+AHfl 




, U25°C Pj r J 


(continued) 
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and solve the polynomial equation obtained by integration via a computer code. 
The following is trial and error. 

Assume T = 2250 K 


Comp. 

g mol 

AH (kJ/g mol) 

AH° f (kJ/g mol) 

AHikJl 

CO: 

99.0 

(1Q7.738-.912) 

-393.51 

-28,381.72 

H 2 0 

192.0 

(85.855-.837) 

-241.83 

-30,107.90 

n 2 

723.4 

(65.981-.728) 

0 

-47.204,02 

-11.285.60 

Assume T “ 

2500 K 




C0 2 

99.0 

(123.176-912) 

-393.51 

-26.853.35 

H 2 0 

192.0 

(98.867-.837) 

-241.83 

-27,608.60 

No 

723.4 

(75.060-.728) 

0 

-53.742.04 

- 720.92 


T = H'- 28S ) <; 842 ?) (250)+ 2250 = |2318K| 

b. Oi] Basis: 100 g oil a 0.438 g mol C 16 H 34 (mol wt = 226.27) 

C 16 H 34 + 24.5 0 2 — 16 C0 2 + 17 H 2 0 
S + O 2 ^ S0 2 S = 0.03 lg mol 


Ignore the AH of the oil and S. 

_In:_ 

g mol 

02req'd 10.75 

N 2 in_40.36 


Out; 


1 


C0 2 

H 2 0 
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0.031 

40.36 


S0 2 

N 2 


Como, 

g mol 

AH (kJ/g mol) 

AH°r(kJ/g mol) 

CjsH^d 

0.438 

- 

? 

S 

0.031 

- 

0 

o 2 

10.75 

(.527 - .732) 

0 

n 2 

40.36 

(.524 - .728) 

0 


! 


AHcombusiion from Perry (for gaseous products) of the oil is -10,505.6 cal/g. 


99 d 

[-10,505.6 call 

[4.184J 

1 

g 

| l cal 


AH v nm forS^ 


-296.90 kJ 

.031 g mol 

g mol 



1.20 kJ 



4371.23 kJ 




Assume T 

- 2250 K 




Comp. 

g mol 

AH (kJ/g mol) 

AH°f(kJ/g mol) 

AH fkJ) 

C0 2 

7.008 

(107.738-.912) 

-393.51 

-2009.08 

H 2 0 

7.446 

(85.855-.837) 

-241.826 

-1167.59 

S0 2 

0.031 

(105.5 62-. 984) 

-296.90 

2633.61 

n 2 

40.36 

(65.981-.728) 

0 

-543.06 

Assume T 

= 2500 K 




C0 2 

7.008 

(123.176-.912) 

-393.51 

-1900.89 

H 2 0 

7.446 

(98.867-.837) 

-241.826 

-1070.71 

S0 2 

0.031 

(119.871-.984) 

-296.90 

-5.52 

n 2 

40.36 

(75.060-.728) 

0 

3000.04 





22.92 

T = 12395 Kl 



(continue 
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c. 

Coke 

Basis: 100 g 





la: 0 

95 g 1 ash - 5 g 






7.917 g mol 

C + 0 2 —C0 2 

Out: 




O 2 req'd = 

7.917 g mol 

C0 2 - 

7,907 gmol 


n 2 = 

29.782 g mol 

n 2 - 

29782 g mol 

In: 

AHreacl 





Comp. 

g or mol 

C|» or AH (kJl AT 

ami 

AH°f 


C 

7.917 

11 (J/(g mol) (K) -7 

-0.6096 

0 


ash 

5g 

1-15 (J/(g) (°C) -7 

-0.040 

7 


0 2 

7.917 

(.527-.732) 

-1.623 

0 


n 2 

29,782 

(.524-728) 

-MU 

0 




Total 

-8.348 

0 


Out: 







Assume T~ 2250 K 




Como. 

mol 

AH (kJ/g mol) 

AH°f 


AH (kJ) 

C0 2 

7.917 

(I07.738-.912) 

-393.51 


-2269.68 

n 2 

29.782 

(65.981-728) 

0 


1943.36 

ash 

5g 

CpAT- 1.15 (527-25) 

7 


2.80 



Total 



-323.51 


Assume T = 2500 K 




C0 2 

7.917 

(123.l76-.9t2) 

-393.51 


-2147.45 

n 2 

29.782 

(75.060-.728) 

0 


221376 

ash 

5g 

CpAT= 1.15(527-298) ? 


2.80 



Total 



69.10 
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IN 


OUT 



CH 4 

Qj^egd. Mi £Qi 

UzQ 

Mi 

Ql 


CH< 1 

1 





o 2 

2 





xs 

= 2(0.05)-0.1 

2.1 



0.1 

9 mol 
dry fg 

n 2 


2 

7.9 



Flow process, steady state, no Q, W, APE, AKE 





> 

X 

If 

0 






AHp^+AHV 

AH Hea-unfc 





(include the liquid water in the products and reactants) 





Let W = g mol liquid H 2 0 at 310°F 





AH°Rxn 






AHV = 

[<2)(-241.826)+(1X-393.51)] - [0+OX-74.84)] 





■ -877.162 + 74.84 = -802.322 kJ/g mol CH, 




A^PrxxiucU 

AH(J/g mol) g mol 

AH 0) 




C0 2 (g) 

(6064-912) 1 

5152 




N 2 (g) 

(4491-728) 7.9 

27,728 




Ojfe) 

(4578-732) 0.1 

385 




H; 0 (g) said 

L 

(5220 - 837) 21.63 

94,804 
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H 2 O(l)@310°F 


(279.92 -45)— 
lb 


W 


9826 W 


AH 


K,0(1J 


at 77°F=-i^“ (77 -32) = 45 Btu/lb 


(lb)(°F) 


NOTE: 


AH, 


181b 

1055 J 

l lb mol 

1 lb mol 

Btu 

454 g mol 

P H20 


77.68 


Total - 128,077 + 9826 W 


CH, (g) 
O 2 (g) 
Ni(g) 

H 2 0 (0 


n d^fj> Pt _ P h 2° 110-77,68 

AH(J/g mol) g mol 

(561 -879) 

(468-732) 

(466-728) 


-2.40 hence n Hj0(g) =9(2.40) = 21.63 


(157.95) 


*>-«>(!;) 


(1055) 


I 

2.1 

7.9 

(W + 21.63-2) 


AH (3) 

-318 
-544 
-2070 
4724.5 W +92742 


-2942 


128,077 + 9826W + (-802,322) = -2942 + 4724.5 W + 92742 
(149.8) (18/16)— [168.51bH,O/lb CH 4 | 


W = 149.8 


26.20 

Assumptions 

1. The tank is adiabatic for the short period of time involved. 

2. Both the reactants and products are ideal gases. 

3. There is no work, 

4. Combustion is complete. 


(continued) 
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5. Unsteady state process. 

6 . Closed system. 

The reaction is H 2 (g) +-^ 0 ,(g) ->• H,0(g) 

The energy balance reduces to 
AU = G=AH-A(pV) 

AU = AHp^ -AH tUlcl + AH° to (25° C) - VAp = 0 
The final temperature comes from the value of AU. 

Basis: lgmolofH 2 
Reference temperature: 25 °C 
M^(25°C) 

AH ot ( 25“C)= £ n,AH°rj- £ n.AH’u 

products reftcma 

= (IK-241,820)-Qjo-(])0 =-241,820 kJ/g mol H, 

AH toa (25 <l C) 

All values are zero because AT = 0 from the reference T. 

Calculate AH of the products at T 

_If you integrate the heat capacity equations to get AH^, you will have to solve a 
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cubic or quadratic equation (if you truncate the equation) in T. Alternately you can use 
the tables for the combustion gases in the Appendix. Don’t forget to subtract AH (25°C) 
because the reference T for the tables is 0 °C. 


If the gas is ideal, A(pV)-RA(nT). Note that m = 3.38 g mol and n 2 * 2.88 g 
mol, and Tfmaj is the single unknown. 


A(pV) 


= (g 8 mol)( J K) [ (2 ' 88 6m ° l)(T b K )- 3 - 38 ( 298 >l 


= 23.94T- 8374 ini 


AH Prod -A(pV) = 241.820 


Como. 

g mol 

AH(kJ/gmol);T rrf =298 

AH (k!) 




3000K 

3500K 

3000K 

3500K 

H 2 0(g) 

1 

124.683 

151.963 

124.683 

151.963 

N 2 (g) 

1.88 

92.784 

111.403 

174.434 

209.438 

-A(pV) 




-63.446 

-83.782 

Total 




235.67 

277.62 


Linear interpolation to 241.820 gives T s f3045Kl 


Assume ideal gas at 25°C and 1 atm. Then the tank volume is 


3.38 g mol 

1 kg 

22.415 L 


1000 g 

gmol 


- 0.0758 L 


To avoid calculating z, assume ideal gas at final conditions (otherwise use Kay’s 
method). The final pressure is 


2 . 88 * 10" 3 gmol 

0.08206(L)(atm) 

3045 K 

101.3 kPa 


(gmolXK) | 

0.0758 L 

1 atm 


= 962 kPa 


This pressure probably does not exceed the specifications for the tank. 
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26.21 

Assumptions 

(1) The reactants and products are ideal gases 

(2) Combustion is complete 

(3) The process is unsteady state, closed system 
The reaction is 

C 8 H ]8 (g)+ 12.5 0 2 (g) ->8 C0 2 (g) + 9 H,0(g) 
The energy balance reduces to 

AU-Q + W or Q = AU~W 
Let AUsAH^-4H tal , +AH„ (25“C) 


If you want to calculate AU” for each compound, 

AUj - AHf - A(pV)° = AHf - R(298)(An) for an ideal gas. For C 8 Hi 8 , the correction is + 
19.8 J/g moJ and for H 2 0 the correction is 
+ 1.24 J/g mol. 

Number of initial moles 


(300 kPa)(0,8 m 3 )(kg mol)(K) ^ 

(8.314 kPa)(m 3 )(298 K) 


0.0969 kg mol or 96.9 g mol 


Let x = mol of C*Hi*. Then x + 12.5x + I2.5x (79/21) « 96.9; x - 1.602 


Initial component g mol 

CsH, g 1.602 

Q;> 20.0 

No 75.3 


Final component g mol 

0 

0 

75.3 
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C0 2 0 12.82 

H 2 0 _ I4A2 

96.9 102.5 

Basis: 1.602 g mol C 8 H f8 (g) 

AH cw (25°C) 


AH„.(2S"C) = Y. "iAHV- Y 

products reKunis 

-(12.8)(-393.520) + (14.4)(-241.820)-(1.602)(-208.450) = -8,185 kJ 
AHfttuci (25°C) 

AHR eac , (25°C) - 0 because the reactants are at the reference temperature. 

AHwrwinQOO K.1 Data from the tables in Appendix D6. Or use the integration of the heat ! 
capacity equations or the CD. 


Como. 

a mol 

AH(I000K - 298K) kJ/g mol 

AH fkJ'l 

n 2 (g) 

75.3 

21.443 

1,615 

H 2 0(g) 

14.4 

25.986 

374 

co 2 (g) 

12 ,$ 

33.396 

427 

Total 

102.5 


2,416 


The final volume is 

V^n H , ( 0. 1 025)(8.3 1 4)(1000)^ 

p 300 S 

(2.841 L/g mol) 


Work against the atmosphere on expansion 


(continued) 
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W = -J pdV - -pAV = -ApV = -RA(nT) 

= - [8.3I4J/ (g mol) (K)] [(102.5)(!0Q0) - (96.9) (298)] (g mol) (K) 
— 612.1 lxI0 3 J or -612.11 kJ 
Q *[2,416-0 + (-8,185)] - [-6 1 2] = |-S, 157 fell 


26.22 

Open process, steady state 

Q-AH-AH^-AH^+AH 0 *. 
C 4 H ) 0 (g)-» C*H 6 (g) + 2H 2 (g) 

Basis: i g mol butane gas 
Q-AH ftod ~AH Itoa + AH ra (2f”C) 

AH; (C,H t )gas = -165.5 kJ/g mol (-162.2 from the CD) 
AH’, (C 4 H, 0 )gas- -124.73 U/g mol 
AH° ra =(IX-l65.5)+<2)(0)-(!X-124.73) = -40.77 kJ 
Sensible heats : T= I000K. T ref = 2S°C (298K) 



Cp = a+bT+cT 2 +dT 3 
.'.AH =aT+^T 2 + 3 T 3 +^T 4 

AH CiHi - 11.92T + 1.346x 10‘T 2 - 4.767 x i 0~ 5 T 3 + 7.368 x 1 0^ T* | ^ 

AH C)Hi =91.92 kJ/g mot 

AH CAi = 92.3T+1.394 x 10" 1 T ! - 5.157 x 1 D" s T j t-8.745 x 1 O'" 
_ (continued) 
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AH c ^ m = 121.0 kJ/graol 

AH h = 28.84T+3.825* 10' 5 T J +! .096*10‘‘T’-2.175^10' 10 T' |™ 

AH h> = 20,63 kJ/g mo) 

Q = AH = 2(20.63)+1(91.92) -1(121.0)+(-40.77) = |-28.S9 kJ/g mol butadiene] 

Alternately you can use tables of AH values or the CD that accompanies the book to get 
the AHp r od and AH re aut- The answer for the enthalpy change is -25.3 kJ. 

Heat Transfer : 

AHkwo = [(-165.5)(l)-(-147.6)(l)l+133.18-121.0= F5/72 kJ/g moll 

The actual heat load may be different because: 

( 1 ) the reaction may not go to completion 

( 2 ) side reactions are possible 

(3) the effect of pressure is not included 

(4) insulation may be bad 

26.23 

Steps I. 2. 3. and4: 

This is a steady state problem involving an open system and reaction. All the 
temperatures for the stream flows are given and shown in the diagram. The reaction is 

CHj0H(g)+^0 2 (g)-» H 2 C0(g)+H 2 0(g) 

AH[(kJ / gmol): -201.25 0 -115.89 -241.826 
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\ Q=? 


1 mol CH 3 OH(g) 

ioo°c—* 


System 


1 m ol H 2 CO(g) 200°C 
1 mol H 2 0 200°C 


£n>ol 0 2 (g) 100°C 

The results of the material balance are shown in the Figure. The reference conditions are 
25°C and l atm, 


StepJ 


Basis: 1 g mol CH^OH^) 


Stens 6. 7. 8. and 9 

The energy balance reduces to 

Q = AH = TnjAHi - Zn jAHj 

products reactants 

We will use the heat capacity equations to calculate the sensible heats instead of 
the enthalpy tables. The balances will have the energy units of kJ. 

AHpiodueis = 1^-115,89 + (10 3 )| 2 5 °°(34.28 -i-4.268x10 2 7'-8,694x10 

+1-241.826 + ( 10 “ 3 ) ^° (3 3.46 + 0.688 x 10' 1 T + 0.7604 x 1 O' 5 T 2 - 3.593 x 1 O ' 9 T 3 ) dT j 

= -l 15.89 + (10 _3 )[5999 + 840.26-3.477] 

-241.826 + (1 0~ 3 )[5855.5 +135.45 + 20.238 -1.43] 


= -115.89 + 6.84 *241.826 + 6.010 
= -344.87 kJ 


(continued) 
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= • [-201.25 + (10-’)j“(42.93 + 8.30!x 10-’T-I.87x 10’ 5 T J -8.03x 10-’X ! )dTj 

+i[o+(10- J )| s M (29.IO+l.l58xlO- : T-0.6076xlO- 5 T J + 1.3UxlO- , T ! )dTj 

-1^-201.2S+(10' , )(32I9.75 + 389.109- 6.136- 0.19996)] 

+ i[o+(10' J )(2182.5 + 54.281-1.994 + 0.03265)] 

= -201.25 + 3.602 + 0 + 1.117 
=-196.53 U 


26.24 


Q=-344.87 - (-196.53) * 


-148,34 kJ/g mol CH,OH 


(heat removed) 


Steps h 2. 3. and 4 


This is a steady state problem involving an open system and reaction. All the 
known data has been placed in the figure. The surroundings are an open system 
comprised of the water. N 2 H* is liquid. 


SO kg mol 

hr 

400ft 


H 2 0 400 kg /min 


H 2 0 400 kg/min, 25°C 


N 2 H 4 


-£Z 

Combustion 
Chamber 
(the system) q. 

—r 

Air 700 K 100% excess 



P 

900K 


N 2 0.739 
H 2 0 0.174 
0 2 0082 
1.000 


1 atm 


0 2 0.21 
N 2 079 
1.00 
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Step 5 Basis: I hour 
Step 4 

The reaction is 

N 2 H 4 W+0 2 ->N 2 (g)+2H 2 0(g) 
AHf(kJ/g mol): 44.77 0 0 -241.826 


The essential elements of the calculation of the air flow are: 

0 Z re q uir e d: ” ^ 

1 kg mol N 2 H 4 * 2 

0 2 supplied; ”J g J B S!. 0, reqd 2J cg^ol 0, supplied = 1{K) 

1 kg mol 0 2 reqd z 


s 376.2 kg mol N 2 


100 kg mol 0, 

0.79 kg molN, 


0.21 kg mol 0, 


Air Supplied = 476.2 kg mol 
Steps 5. 6. 7. 8 and Q 

The material balances (in kg mol) for the process give are: 


Balance fn put 

0 2 00 = n H , 0 +2 n0i 

N 50(2)+ 2(376.3) = n*,(2) 

H 50(4) = n „ i0 (2) 


The results arc: 


Out (kg mol) 


(continued) 

































Solutions Chapter 26 


n H?0 ' 100 


n N 2 

= 426.2 

"o 2 

= 50 

Total 

576.2 


The energy balance can be reduced to Q = AH for both the water and the 
combustion chamber. The reference state is 25°C and one atm. The first system is the 
combustion chamber. 

System: Combustion Chamber 


Q products ^ n jAH ; 

products re*ci inis. 


V/e can use the heat capacity equations or the enthalpy tables to get AH ; . 


Products 

kg mol 

T 

AH\(kJ/kg mol) 

AH^ (kJ/kg mol) 

AH(kJ) 

n,o<g) 

100 

900K 

-241,826 

(22,760-837) 

-2.I99X 10 7 

N 2 (g) 

426.2 

900K 

0 

(18,961-728) 

0.777 xiO 1 

o 2 (g) 

50 

900K. 

0 

(19,970-732) 

0.096x IQ 1 




Total 


-1.326x10’ 

Reactants 

kg mol 

T 

AH°r (Id/kg mol) 

AH ^ (kJ/kg mol) 

AH(kJ) 

N.H. (() 

50 

400K. 

+44.770 

139(400-298) 

2.947 x 10 fc 

0.(g) 

too 

700K 

0 

03,225-732) 

1.249XJ0 6 

Nj(g) 

376.2 

700K 

0 

(12,652-728) 

44885.x 10! 




Total 


8,685 x 10 6 kJ 


Q = [-13.26x 10 6 -8.685x10"] = -21.95 x10‘kj 
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For the water Q = AH 0 ut - AH in . Find AH 0 u,. 

Q = + 2L95 x 10 6 kj assuming no heat loss to the surroundings. 
AHi„ = 0 as material enters at 25°C. 

AH 0U( = 21.95x10* kJ/60 = 3.658x10 s kj/min 


AH 


out 


3.658x10* kJ 

1 min 

min 

400 kg 


= 914 kj/kg which corresponds to a mixture of liquid and 


vapor. At one atm and AH — 914 kj/kg (relative to 25°C), the water can be a two phase 
system. The water vapor from the steam tables at 1 atm is AH of saturated water vapor = 
2675.6-107 = 2569 kj/kg, and AH for liquid water is 419.5-107 = 313 kJ/kg. Thus, the 
fraction vapor is 


914 = 313 (l'X) + 2569.6x 
I x - 0.2661 a significant fraction of vapor 

Consequently, the exit line has to be quite large to accommodate the vapor and liquid 
flow rate which is: volume per kg = 0.266 (1.673) + 0.734 (0.001043) - 0.445 m 3 /kg. 
Multiply by 400 kg/min - 178 m J /min 


26.25 


Material balance 

Assume inputs are at 77°F, the reference temperature 

Basis: lOOg mol fg. 

(continued) 
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CH 4 


77°F 


before after 

-7.8 C0 2 8.7 490°F or 515°F 

H,0 after before 

N* 


air 12 °: 

air 100 

77°F 0.21 O, 

0J2N, 

1.00 ' 


19 

100 


Both before and after the energy balance for an open steady state process reduces to Q = 
AH. Assume that Q before * Q after. 

Let Pi = the g mol of flue gas before the change in xs air. 

Pu - the g mol of flue gas after the change in xs air. 

The reaction is 

CH 4 (g)+2 0 2 (g) -* C0 2 (g) + 2H 2 0(g) 

AH°f(kJ/gmol):-7484 0 -393.51 -241.826 


Case I - Before 


Basis: lOOgmolP 

IN 


OUT ..... 

C 1 rt CH 4 


n co, = ™ 

H: 4n C(1< 

= 

^ n H,0 D «jO “ ^ ^.6 

20: 0.21 A 

= 5 ! 

7.8 + 3.9 + 0.5(15.6)= 19.5 


A" 19.5/0,21 -92.86 
n Nj in = n N , out -73.36 
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n o, 

= 19.5 



Summary 




m 


QUl 


7.8 

CH* 

- 


19.5 

o 2 

3.9 


73.36 

n 2 

73.36 


- 

co 2 

7.8 


_ 

h 2 o 

15,6 


100.66 

100.66 


CaseI-After Basis: 

100 mo! of P after 


Summary 




IN 


OUT 


8.7 

ch 4 

. 


19.3 

O 2 

1.9 


72.6 

n 2 

72.6 


- 

C0 2 

8.7 



H 2 0 

17.4 


100.6 


100.6 


These values are good enough to get percents of each component. 


Enerev Balances 




Case I - Before 

Assume reactants enter at 25°C (298 K), the reference T. 




(continued) 
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Como. 

g mol 

im 

AH"r(kJ/gmol) 

AHl 9g (kJ/g mol) 

mm 

ft! 






ch 4 

7.8 

298 

-74.84 

0 

-583.752 

0 2 

9.5 

298 

0 . 

0 

0 

n 2 

73.36 

298 

0 

0 

0 


100.66 

298 



-583.752 

OUT 






C0 2 

7.8 

541.5 

-393.51 

10.255 

-2989.389 

H 2 0 

15.6 

541.5 

-241.826 

8.494 

-3639.979 

0 2 

3.9 

541.5 

0 

7.462 

29.102 

n 2 

73.36 

541.5 

0 

7.172 

526.133 


100.66 




-6074.128 

Case II 

- After. Assume reactants enter at 25 °C (298K). Let P - g mol fg. final 

m 






CH 4 

0.087P 

298 

-74.84 

0 

-6.51 IP 

0 2 

0.193P 

298 

0 

0 

0 

N.2 

0.726P 

298 

0 

0 

0 


1.006P 




-6.51 IP j 

OUT 





1 

! 

C0 2 

0.087P 

527.6 

-393.51 

9.640 

-33.397P 

H?0 

0.174P 

527.6 

-241.826 

7.989 

-40.688P 

o 2 

0.019P 

527.6 

0 

7.021 

0.133P 

N;: 

0.726P 

527.6 

0 

6.757 

4.906P 


I.006P 




-69.045P 

Q before = AH - -6074.128 - (-583.752) - -5490.4 kj 



11 

J 

Qbefore = -5490.4 kj ~ 

AH 0U( -AHin = [-69.045-C-6.51 l)]P after 



=-62.534 P 

after 
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Patter = 87,80 g mol, 

87.80 (0.087) = moles CH 4 after = 7,64 g mol vs. 7.8 before 
Energy used before x fraction saved is the savings 


180,000 ft 3 a(SC 

1 lb mol 

454 g 

5490.4 kJ 

1 Btu 

hr 

359 ft* 

1 lb 

g mol 

1.055 kJ 


$1.55 18000 hr 

(7.80-7.64) 

10* Btu j 1 yr 

7.80 


'$1.94 x l0 5 /yr. Savings 


$31,000 

yr 


1..94x10 s 


• |6"l6 yr| 


26.26 

First, we estimate the heat recovery from the exhaust gas when cooled from 
1100°F to 350°F, which is 100°F above the temperature of 15 psig saturated 
steam. Note we could use 220°F to get the maximum recovery. 

From the tables with the initial and final exhaust gas temperatures, 1100°F and 
350°F respectively, we determine the approximate heat recovery to be 198 Btu/lb 
exhaust gas. \ 

To get the pounds of gas : 

Knowing that the specific volume of the flue gas (the specific volume of flue gas 
at a given temperature is very close to the specific volume of air at that 
temperature.) at 1100°F is 39.5 cu ft/lb, we convert the exhaust flow rate from 
4225 cfm to Ib/h as follows: 

Basis: 1 hr (continued) » 

I 

. .j 
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Exhaust flow rate IBEM ^60 (min/hr) 


Then, rate of 
heat recovery 


39.5 cu ft/lb 

~ 6420 lb/h 

= 6420 Ib/h x 198 Btu/lb 

= 1.27 MBtu/hr (or 1.47 x 10 6 Btu/hr if use 220°F water) 


2. Next, we calculate the amount of steam generated from the exhaust heat 
recovered. We determine that with 220°F feedwater the heat absorbed in 
generating 15 psig saturated steam is 977 Btu/lb steam. 

Steam generation * * 1300 lb/hr(or 1470 lb/hr if use 

977 Btu/ lb 

220°F water) 

Thus, steam generation from the fired boiler will be reduced from 2000 lb/h to 
700 lb/hr. 

3. The resulting annual fuel savings with 80% boiler efficiency based on the lower 
heating value of the #2 fuel oil (18,300 Btu/lb oil) and assuming 4500 hours of 
operation per year are calculated below: 


Annual fuel savings 


= 1.27 MBtu/hr x 4500hr/yr 

0.8 

- [7140 MBtu/yr] 


Knowing that the fuel oil density is about 7.02 Ib/gal, we figure the annual fuel 
savings in gallons. 


Annual fuel savings 


7140 MBtu/yr 


18,300 Btu/ lb x7.02 lb/gal 


- [55,600 gal/yr| 


4. If the #2 fuel oil costs $0.S0/gal. 
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Annual savings * 55,600 gal/yr x $0.50/gal 
- |$27,800 per year 1 

The total cost of a waste heat recovery muffler and installation is about $20 000 
for a 500 hp engine. In this case, the installation can be paid off in about two to 
three years. 


26.27 

Basis: 10.0 min 

The thermodynamic properties are from the Chemical Engineer's Handbook. The 
attached plot is used for quicker interpolation using °F instead of K for temperature. The 
data for n~G based on liquid Cp's and AH’s have been extrapolated from the handbook 
data. 

The hot liquid will flash with no change in total enthalpy. Thus, the fraction 
vaporized has to be calculated 

To calculate fraction of liquid vaporized 

V = Vapor rate 
F = Spill (feed) rate 

Enthalpy of spilled liq 
v 1 h L =Enthalpy of flashed liq 
H v =Enthalpy of flashed vap 

V and F have mass or mole units 

Specific gravity of solvents at 400°F: 

CHjOH: 0.529 

n-C 7 : 0.489 

___ (continued) 
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To calculate vapor 


liquid in liquidoui oul 


^Liquid in liquid in ^Lout^^Loui^ ^vapor oui^^ v 

plus m Lin -in LlM +in -por 
Spill Rates: 

CH,OH 1000—(0.529X8.35)—= 4417— 
min gal min 

n~Cj 1000—(0. 489X8. 35)-^ » 4083 — 

min gal min 
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hvftpor 

hj 

Hv_ 

V vapor 




kJ/kg 


lb / min 

CHiOH 

25°F 

1210 

530 

1730 

2503 


80°F 

1210 

605 

1770 

2793 

BP 

148°F 

1210 

708 

1805 

2021 

nC 7 

25°F 

1030 

465 

840 

4083 (all vapor) 


80°F 

1030 

542 

890 

4083 (all vapor) 

BP 

209°F 

1030 

701 

1022 

4083 (all vapor) 

(Note that all the n-heptane always flashes to vapor, 
heats of vaporization.) 

Hydrocarbons generally have low 
(continued) 



































Solutions Chapter 26 


The lower flammable limits of the solvents are (LFL is concentration air) This would be 
used to get idea of excess (or deficit) of air 

For CH 3 OH 6 . 7 % n-C 7 1.05% 

The volume of vapor is 

v v - specific volume of vapor 
V v = V t v s t - spill time 

and the volume of the maximum flammable vapor cloud is 
V v _ Vtv v 
LFL LFL 

The specific volumes are 


Using v v at S0°F 

RT (I0.73)(ft }, )(psiaX540X o R) (lb mol) 

VV j P Ob molXoRXl4.7)(psiaX32Xlb) 

= 12.32— for CHjOH 
lb 


v v 


(10.73X540) 

(14.7X98) 


= 4.02 — forn-C, 
lb 


The vapor cloud volumes are: 
For CH,OH at 80°F 


(2793)lb(10)min(l2.32)ft 3 
(min) (lb)(0.067) 

For n-C 7 


5.14(l0‘)ft J 


(4083X10X4.02) 

(0.0105) 


15.6(10* jft 3 
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Therefore, [choose methanol 1 

Use criteria of AH. Assume stochiometric amount of air for 25«C input (input T makes 
little difference). Ignore sensible heats. 



nC 7 

CH 3 OH 


heats of combustion are 

19J57 

8,592 

Btu/lb 

mass burned 

4,083 

2,503 

lb 

energy released 

78(10*) 

21 ( 10 *) 

Btu 


So, still choose CH 3 OH. 


26.28 
Step 5 


Basis: l kg mol CO, in Gross Feed Fj 



C0 2 (g)+3 Hj(g)-+ CH 3 OH(l)+H 2 0(l) 
25°C = 298K 70°C = 343R 100°C = 373K 


Step 4 


(continued) 
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Materia] Balance to get N 7 in gross feed to the reactor. Assume concentration is 

2.0% (the maximum allowed). 

0.02 - —“— n£ =0:0816 mol/mol F, 

l + 3 + n K! K > ' 

System: Reactor plus separator 

Steps 6 and 7 

Number of equations (5): A element balances + fraction conversion 


(Ft) 

= (Pj) + 

(Fb) 

+ 

(P) 

C: 1 

- P 2 O) + 

0 

+ 

*4 : 

H: 3(2) 

- Pi (4) + 

2Pj 

+ 

n H}(2) 

O: 1(2) 

- P 2 (l) + 

Pa (1) 

+ 

n coj (2) 

N 2 0.0816 

- P 2 (0) + 

. Pi(0) 

-j- 

< 

Species balance: 

in 

- out 

+ gen 

_ 

consumed 

C0 2 balance: 1 

p 

n CO; 

TJ TJ P P 

+ 0 

p 

~ 

0.57(1) 


Unknowns(5): Pj,P 3 . n^.n^.n^ 


Note: P = is redundant. 

Solution of equations (all in kg mol) 

P 3 = 0.57 =_2dL = 0.239 

' ’ 1.8016 

P 3 = 0.57 
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n 


p 

co 2 


” 0.43 


< « 1*29 

< = 0.0816 
PssSnf= 1.8016 


1.29 

1,8016 


= 0.716 


0.0866 

1.8016 


= 0.045 


System: mixing point before reactor (no reaction occurs^ 
Unknowns (2): F and R; Equations (2): Total and N 2 
Total: F +R = 4.0816 = P| 

Nitrogen: N 2 : 0.005F+ x^R-0.0816 


After F and R are calculated as below F = Fi - R (no reaction) 
F = 2.562 kg mol R « 1.520 kg mol 
n£ 0: = 1 -1.520(0.239) = 0.677 kg mol 


njj, = 3-1,520(0.716) = 1.912 kg mol 
= 0.0816 -1.520(0.045) — 0.0128 
Check: 0.005 (2.526) = 0.0128 


All mol values are in kg moi 
System: sep. point after separator 


(continued) 
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P 4 - P - R & for each component 


P* = 1.802-1.520 = 0.282 


Energy Balance (ref. 25°C) an overall system 


“co. 


iM]o: 

U. 802 J 


I.8O2J 


0.282 = 0.067 
0.282 =0.336 


Mw>- 2K - <,ra 


ae=q+w-ah 

OUT 


AE = W = 0 Q = AH = AH Prod -AH rca « 

kg J/kemol 



Comp. 

kg mol AH‘ 

’r(fcJ/kgmol) AH^(kJ/kg mol) 

AH flcJ) 

70°C 

CH 3 OH(*) 

0.57 

-238,640 

(70-25)(4.184)(.680)(32) 

-133,690 

70°C 

H 2 0 (*) 

0.57 

-285,840 

(70-25)(4.184)(18) 

-160,997 

100°C 

C0 2 (g) in P 4 

0.067 

-393,510 

(3045-912) 

- 26,222 

100°C 

H 2 (g) in P 4 

0.336 * 

0 

(2874-718) 

724 

100°C 

IN 

N 2 (g) in P 4 

0.0128 

0 

(2910-728) 

28 

-320.157 

25°C 

C0 2 (g) 

0.677 

-393,510 

0 

-266,406 

25°C 

H 2 (g) 

1.912 

0 

0 

0 

too°c 

n 2 (g) 

0.0128 

0 

0 

0 

-266.406 


Q = -320,157 - (-266,406) = -53,751 kJ (heat removed) 

The overall result is 

53,751 kJ 
2.562 kg mol F 


= |20,980 kJ/g mol fresh feed| 
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26.29 


Steady state, no W, no P, no K so Q = AH 

Basis: 100 mol F 

u 


F w 


.P *. 

mol 400K 


700K 

9.0 




0 2 9.5 


N 3 


81.5 

100 


so, +4o ? —> S0 3 


Material balance 




steady state, flow, no W, P, K; Q = 0 
AH = 0 


SO, 

S0 3 

o 2 

N, 


[ 9 . 0 ( 0 . 75 ) 

19.0(0225) 

= nto, 

mol out 

6.75 

2.25 

N,: 81.5 

= 0 Ni 

81.5 

0 2 : 9.0+ 9.5 

= n^(1.5)+n^(l)+aS,(l) 



n£, =18.5-1.5(6.75)-2.25 = 

6.125 


Ref. T = 25°C = 298K 



OUT 

Component mol T(K) 


AH°f(J/gmol) 


“Sensible heat” 
AH(J/gmoi) 


AH(J) 

(continued) 
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Let Trcf — 25<»C 


1 htf 1025 g 

4.0 J 

T 2 -25°C 1 

M1025 4 

4.0 J 

(25-25) °C 

1 hr” 

(g)(°C) 

1 hr 

(g)(°C) 



1 hH 

127.6 kJ|2 LI 

I1000J 

1 

l(L)(hr)| 

kJ 


T _ (55,200+ 102,500) J _ 

4,100 J/°C |3S°C, yes] 
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27.1 


Basis: 1 lb butane 


* rV 2 

a. W— -J pdV Assume a batch process. Vaporization is at constant p. 


70 kPa ~ lOpsia. The value is off of the butane chart in the text. Instead use the 
CD to get the boiling point at 10.16 psia of 14.3°F. Use the ideal gas law to get 
= 8.63 ft 3 /lb or 0.539 m 3 /kg. 

V Md = 0.026 ft J /Ib from Perry or 0.00162 m 3 /kg. 

Basis: 1 kg butane 


W=-pAV = - 


70* 10 3 N 

(0.539 -0.00162)m’ 1J 

m 2 

kg l(N)(m) 


-3.76xl0 4 J/kg 


b. The energy balance cannot be used to calculate W Because Q is not known. If Q 
is known. 

AE-Q+W so -^W = Q-AE = Q-(AH~pAV) 


27.2 


Basis: 1 lb mole H 2 O 

Process: reversible batch, open system, no reaction. System: vessel of water. 


E2-Ei«Q + W-AH~AKE-APE AKE = 0 APE = 0 


This equation will not lead to a single unknown, W, from the data given. Because 
the process is reversible (since the temperature and pressure are constant) 

= - JpdV » -pAV. Work is done against the atmosphere at constant 
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pressure 

AV from Steam Tables =(26.81 -0.0167) ft 3 /lb 


14.7 lb f 

144 in 2 

(26.83 - 0.0167) ft J 

1 Btu 

..L8Jb 

in 2 

1 ft 2 

ib 

778 (ft) (lb f )| 

1 lb mol 


= 1—1313 Btu/lb mol| 


Basis: l kg steam Paths are not shown but the data are: 


State I 

State 2 

State 3 

State 4 

State 5 

Units 

540 

540 

199 

143 

425 

T(°C) 

2700 

700 

400 

400 

2700 

p(kPa) 

0.1361 

0.5339 

0.5339 

0.4625 

0.1161 

V(m 3 /kg) 

3542 

3558 

2862 

2733 

3285 

AH(kJ/kg) 


Closed, unsteady state system 
Energy balance: Q + W - AU 

Reversible work: W rev =-|J I pdV 
State 1 to State 2 at constant T = S40°C 

AH - 3558 - 3542 = 16 kJ/kg 

__ (continued) 
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AU = AH-A(j>v)= 1 6 - [(700X0.5339)-(2700X0.1361)]= 19.7 kJ/kg| 
or calculate use AU directly from the CD, 

If reversibility is assumed, W rev can be calculated by selecting (p, v) pairs along 

an isotherm and integrating the area under a plot of p vs V . Q then can be 
calculated from Q = AU - W. 

State 2 to State 3 at constant V 

AH = 2862 - 3558 = - 696 kJ/kg 

AU - - 696-1(400) (0.5339)- 700 (0.5339)] - - 535.8 kJ/kg 
W rev = 0 as AV = 0 
Q = AU = |-535.8 kJ/kg] 

State 3 to State 4 at constant p 

AH = 2733 - 2862 = - 129 kJ/kg 

AU = - 129-[(400) (0.4625)- (400) (0.5339)] - - 100 kJ/kg 
W rcv - -pAV - 40 (0.4625 - 0.5339) - 28.6 kJ/kg 
O = AU-W = - 100-(+■:28.6)- Pl29kj7kjl 
State 4 to State 5 with 0-0 

AH = 3285 - 2733 - 552 kJ/kg 

AU - 552 - [(2700) (0.1161) - (400) (0.4625)] = 423.5 kJ/kg 

_ 
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-W = Q - AU = -423.5 kJ/kg or W = |423.S kJ/kg | 

State 5 to State 1 

AH - 3542 - 3285 = 257 kJ/kg 

AU = 257 - [(2700)(0.1361)- (2700)(. 1161)] = 203 kJ / kg 

Q = ? 

W rev = ? (cannot be calculated because path is unknown) 


Check 

Is AH * 0, yes; Is AH * 0; AU - 0.43 which is close enough? 


27.4 


Basis; 1 lb mol H 2 O 

Initial State Final State 

Water at 212°F Saturated steam at 212°F 

and 1 atm (enthalpy - AHi) and 1 atm (enthalpy = AH 2 ) 

a. Steady state open (flow) process: flow in a pipeline, negligible kinetic and 
potential energy changes. No work is done by the system or on the system so that 
W — 0, and, 

Iw^ol 


b. Closed (non-flow) process: The basic equation is: 
AU2-AU^AU = Q + W 


(continued) 
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Because the work done is only a volume expansion and is reversible 
w = pdv = -pAV = -(pV, -pV.) 

Obtain Vj, V, from steam tables 
W = -p(^)[V 2 - V,]fi 3 = -<14.7Xl44X26-799- 0.0t67l9) 


= -56.677 ( ' ft)(lb f ) =-72.85—= -1,312-SSL 
lb steam_lb_lb mol 


Work is done against the atmosphere. 


27.5 

Basis: Adiabatic expansion with no work, a flow process. 

W = 0 irreversible expansion 
Q = 0 

a. Q + W-* lAH = 0l 

An example is an ideal gas expanding through a restriction; H is a function of T only, and 
ifAH = 0,AT-0. 

b. Expansion of a real gas is not isothermal 

«!f b* ),«■* 

For a nonideal gas, C n dT can be offset by the second term. _ 
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27 .6 

System: 1 lb mol of N 2 in the cylinder. 

Compute the change in volume of the N 2 . The initial volume is 
znRT, 


V, =- 


Pi 


z = 1.00 (calculations not shown) 

V 


lib mol 

10.73(psia)(ft’) 

760° R 


(lb mol)(°R) 

14.7 psia 


- = 554.7 ft 3 


AV - 0.5 (554.7) = 227.4 ft J /ib mo! 

a. While the N 2 compression is irreversible, the work done by the steam on the 
piston may be approximately reversible because p is constant and the reservoir is large so 
that the steam conditions are essentially constant with expansion on top of the piston. If 
so: 


W = - JpdV = -pAV = r 


70 lb f 

144 in’ 

227.4 ft 3 

1 Btu 

in ! 

1ft 2 

lb mol 

778(ft)(!b r ) 


- - 2945 Btu/lb mol 

b. The work done on the piston by the steam may not all be transferred to the N 2 
because of the irreversibility of the compression of the N 2 by the piston. If it were 
reversible, then the work done on the N 2 would be computed as below. 

c. The energy balance for the piston is, if a reversible process occurred would be 
AU + APE-Q + W 

_ Q-0 W = + 2946Btu _ (continued) 
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APE (of the piston) = ? 

Calculate the change in height of the piston. 


A = 



= 0.545 ft 2 


A . , . 0.611 fV , _ 

Ah of piston -=■» 1.12 ft 

0.545 ft 2 


APE - mgAh = 


10 lb 

32.2 ft 

; (lb,)(s 2 ) 

-1.12 ft 

1 Btu 


s 2 

32.2(lb)(ft) 


778(ft)(lb f ) 


- -0.014 Btu (can be neglected) 

AU = 0 + 2946 + 0.014 = 2946 Btu 

If all of this energy were transferred to the N 2 on compression (unlikely), AU of the N 2 ; 

otherwise, AU of the piston and cylinder would go up and the AU 

would be 2946 Btu/lb mol N 2 of the N 2 would not go up as much as 2946 Brn/Ib mol N 2 . 


27.7 


Efficiency - 


hp output 


x!00% 


hp input 
30 hp L — 


Solutions Chapter 27 



300,000 kW 

6000 hr 

3.4l28xl0 5 Btu 

$1.10 

1 



1 kW hr 

10‘ Btu 

0.40 



= 1.69x10’/yr!| 


Basis: 100 g mol Fg 


Chemical reaction equations 

CH 4 +20 2 C0 2 +2H 2 0(g) 

C 2 H 6 +31402 -4 2C0 2 + 3H 2 0 
C 3 H 6 + 4 , / 2 0 2 — 3C0 2 + 3H 2 0 

Excess 0 2 : 202.535 (.10) -20.25 g mol 

Total 0 2 : 202.535 + 20.25 - 222.79 g mol 

N 2 entering: 222.79(79/21) = 838.11 g mol 


(a) 

(b) 

(c) 



g mot 

reqld.p; 

CO? produced 

H?0 produced 

> 

c 3 H 6 

&h 6 

96.4 

192.8 

96.4 

192.8 

2.01 

7.035 

4.02 

6.03 

0.6 

0.99 

2.7 

1.8 

1.8 


Total 

202.535 

102.22 

200.63 


AH’{kJ/gmol) 


-74.84 

-84.667 

20.41 

0 


(continued) 
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Exit flue gas (T ** 450°C) 


SJB91 AH_ tk (!d/gmol)- 

C0 2 102.22 18.599 

H 2 0 200.63 15.304 

N 2 839.1 12.690 

C 2 20,25 13.366 

Total 

AH(kJ) 

1,901.19 

3,070.44 

10,648.18 

270.66 

15,891 

•From the CD 



To get the LHV, Use the values from Appendix F to get the heat of reaction at SC with 
H 2 0(g) as the product 0 2 and N 2 have 0 AHJ. 

Reaction (a): 


AH^ - 96.4(-393.51)+192.8(-24l .826)-96.4(-74.84) = 

-77,348 

Reaction (b): 


AH^ = 4.02(-393.51)+6.03(-24i.826)-2.01(-84.667) = 

-2,870 

Reaction (c): 


AH^ = 1.8(-393.51) +1.8(-241.826)-0.6(20.41) 

-1.131 

Total 

-81,349 

LHV = 81,349 kJ/IOOg mol 


Efficiency=100-r 0 02 ( 81 ’ 349 - l5 ' 89, ll00 = !l2%! 

[ 81,349 81,349 j 1 -' 
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27.10 

Basis: 1 second 

Convert all of the data to J as needed. The process is steady state. 
Electric output 500,000 kW 5x10 s kJ 
Energy with fuel input 

Efuej - (64.6 kg) (28,400 kJ/kg) = 1 .349x I <f kJ 
Heat added to the steam (system is boilerl , Data are from the CD. 
Q = AH = -H in ) = 640(3,175.9 - 647.0) 

= 1.619 xl0 fi kJ 

Boiler efficiency = ^ (100) = |88.3%| 

1.834x10 kJ 

Gross plant efficiency = - 00) - i27.2%l 

CjyjrtJ l-I - 

Steam cycle efficiency =- : —(100) = 130.9% I 

1.619x10 kJ 
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27.11 



Vg=0.7308 m 3 /kg V, = o.OO 1067 


Basis: 5kgH?0 j 

The process is reversible (conversion of vapor to liquid at constant temperature and ( 
pressure). 


a. Initially, all the H 2 O is vapor (i.e., at the dew point) so the volume of liquid was 0. 

b. W = - pdV = -p f’' = -p (\ 2 - V,) = 400 kJ 


245.6 kPa | 

(V, -3.654)m 3 

1 J 

l(kgXm) 

(s ! )(m 3 ) 

! 

i 

' 

l(kg)(m 2 ) 

1 Pa 

s 2 


-(V 2 -3.654) = 1.629 
V 2 = 2.025 m 3 

V = » (1 - xXO.001067)+ x(0.7308) = 0.4050— 

5 kg kg 
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where x = mass fraction vapor * = 0.554 

The volume of liquid was (1-x) (5) (0.001067) = ]o.Q024 mj] after compression. 


27.12 



APE + AK.E + £ Vdp- W + E v . - 0 used to calculate E v 
Basis: I min (1000 L) 


1000 L 

I m J 


1000 L 


-= 1 m - ’ 


The density of water is 1000 kg/m 3 
jvdp - VAp f Qr a 

mVAp = 10 3 kg 


10-W 

(290-140) 10 3 N 

1 J 

kg 

m 2 

(N) (tn) 


150 kJ 


A(PE)-0 W-0 

E v = '-mVAp = -150 kJ/min 


AKJB = 0 


(continued) 
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To calculate the temperature change, for a throttling process the energy balance reduces 
to AH - G. 

_ in out 

at 5°C, 290 kPa AH = 20.8 at 140 kPa 

liquid 

AH - 20.8 



But the second term for a liquid is approximately zero, hence IAT = 61 


27,13 


Process: flow, steady state System: feed water pump 

A(KE+PE+J VdP - W„, + E v = 0 

Application of the general equation for the conservation of energy is not too useful since 
it reduces to, Q + W - AH. By assuming a reversible process and applying the given 
efficiency factor, one obtains the work per time done on the system. 

w -=C Vdp 

If V is constant, Wre v = + VAp. p 2 = 500 psia 

PI =0.9 psia 


Basis: lOOgal/min 
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100 ga) 

1 (ft) 3 

(500 - 0.9) (lb f ) 

144 (in) 2 

l min 

Khp) 


min 

7.48 gal 

(in) 2 

(ft) 2 

60 sec 

550 (ft) (lb f ) 
f sec 

0.40 


= 172.8 hp| 


27.14 

Mechanical energy balance: 

A(KB = PE = j['Vdp-W+E v = 0 
The minimum work is the reversible work so E v - 0. Then 
P Vdp = VAp 

because the fluid is incompressible, but Ap - 0. Thus the mechanical energy 
balance reduces to 

W w =A[(KE+PE)m] 

If m is the mass/time then, W = work/time = power 

W = (KE< + PE 4 )m 4 + (KE 2 + PE 2 )m 2 - (KEi + PEi )m I 
where the subscripts refer to the floors. 

Basis: flows of water as shown in Figure in text (i.e., 1 min) 

Take the first floor as the datum; KE = ~ v 2 , PE = gh 

PEi =0 KE<=x(t 7) =0.5 ft 1 /* 

2(6<V 


(continued) 




















Solutions Chapter 27 


PE: = 


PE< - 


32.2 ft 

30 ft 

s 2 


32.2 ft 

60 ft 

1 

S' 



■ = 965— a=iW = 50.0ft-'/s 

s ! 2{ 60 J 


— = 1930^ KE4=-f—"] =200.0 ft 3 /s 

s ! 2 { 60 } 


m _ 500 gal 

0.1337 ft 3 

62.4 B>, 

1 min 

1 min 

1 gal 

1 ft 3 

"607 

mj -200 gal 

0.1337 ft 3 

62-4 lb m 

I min 


1 gal 

lil 3 

60s 

300 gal 

0.1337 ft 3 

62.4 lb ra 

1 min 


1 gal 

1 ft 3 

60s 


-= 27.5 lb„/s 

• = 41.7 lb Js 


W = ((200) + 1930) (41.7) + (50 + 96.5) (27.8) - (0.5 + 0)(69.6)] 


(IbJ (ft 2 ) 

(sKs 2 ) 


89,000 + 28,200 - 34.8 = 117,170 


Qb n ) (ft~> 
(s)(s 2 ) 


117 170 (lbJ{ft3) 



• ™ MM 

1 

1 hp 


„(»>.)(*) 

(M*’) 

550(lb,)(ft/s) 


= |6.62 hpl 
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27.15 

Process: flow System: pump 
Basis: 1 kg 

Use the steady state mechanical energy balance 
A(KE+PE) + Vdp- W + E v = 0 


a. AKE = 0 Approximately 


APE = mgh 


1 kg 

9.80 m 

10 m 

1 J(S 2 ) 


s 2 


t(kg)(m 2 ) 


= 98.0 J 


y"vdp=VA P 


because V is essentially constant at 


m -3 3 

10 m 

(1150 - 101.3) kN 

1 J 

kg 

2 

m 

l(N)(m) 


E v = 60,0 J/Wg 


W. dca] = 98.0 + 1050 + 60.0 = 1208 J/kg 
Actual work required =^ = 


Basis: 1 min 


10 3 m 3 /kg 
1050 J/kg 

(continued) ■ 
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b H16 J 
kg 

0.40 m 3 

min 

_ 3 - 

|6.903 x 10 s J /mini 
rn 



27.16 

The steady state mechanical energy balance is 
A(KE+ PE) + jvdp-W + E v = 0 

System: Pipe above the pump discharge (120 ft long) 

Assume 

1. AKH = 0 

2. Discharge pressure is atmospheric so that p 2 = 0, and pi = 87.6 psi 

3. V is constant at 0.016 ft 3 /lb 

Basis: l lb water 

Then 


APE = I20(ft)(lb r )/lb m . However* the level in discharge tank adds some extra 
height to 120 ft, say (x) ft 


J 8;t Vdp = (0.016)(0-87.6)(I44) = -201.8(ft)(lb r )/lb m 
W = 0 for the system selected 
E v = -(120+x) - (-201.8)-8I.8-x 
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^ , . 34.6 ib r 144 in 2 

The stated value ts -r-M— 

i a 2 


0.016 ft 3 


in 1ft 2 lb 


If x - 2.1 (ft), then the calculation is ok. 


= 79.7(ft)(lb f )/lb m 


27.17 

Assume open, steady state process 
The mechanical energy balance is per lb m 

4(KE+PE) + jT ! Vdp - W + E v = 0 
System: A deareactor plus suction piping to pump 

T 


h = ? 

I 


f 15 psig 







24 psig v = 8 fVs 


Basis: 1 lb ra 


AKE = 2 ( 1 ^) ( i^ftxib ) ) = °- 994 < ft WM /lb » ( Assur *es no velocity in the 
deareactor) 

APB = } ](-h(ft)) = -h(ftKlb f )/lb. (The reference for h is at the 


water level) 


(continued) 
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W = 0 E v =4(ft)(lb,.yib„ 
-APE = 4KE + VAp + E v 
h = 0.994 + 20.77 + 4 = l25,8fti 


27.18 

Basis 1 lbCCh 

Tlie system is the compressor (open, steady state, no reaction). The steady state (low 
mechanical energy balance reduces to W - - £ 5 Vdp 

Use the COj chart to find the relation between V and p. 

At the final state the C0 2 is |0.37 gas and 0.63 liquid ] a. 


v(ftVlbj 

p (psia) 

V(ft 3 /JbJ 

p (psia) 

19.5 

6 

0.5 

220 

10 

11.5 

0.3 

330 

6 

19.5 

0.2 

460 

3 

37 

0.15 

600 

1.5 

66 

0.10 

600 

1.0 

no 

0.05 

600 
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Integrating we get 527 


b. 


527(ft 5 )(lb,) 

144 in 2 

1 Btu 

(IbJ(in') 

ft 2 

778(ft)(lb r ) 


|98 Btu/lb m j 


c, 


Q - AH + W 
Hj = 148 Btu/lb 
Q = (73-l48)-98 — 


Hj = 73 Btu/lb 
1-173 Btu/lb I 


98 Btu 1 

1 

2.93xl(T'(kw)(hr) 

S0.08 

lb m ] 

0.85 

1 Btu 

l(kW)(hr) 


= |$2.70xl0~ 3 ! 
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27.19 


Basis: 1 second 


p, ~ 101.3 kPa 
[_ v, - 0 


v 2 = 5 m/s 


P 2 - 150 kPa 



oo ■■■ 

1 

Om 

10 



turbine 


APE+AKE+ f Vdp-W-f E v =0 


AKE = I(v^ - vf) = ±(5 J -0V12.5^-= 12.5-J- 
2 2 s kg 


= V(p, -p,) = 1XI0' 1 ^-(150-101.3)kPa = 48.7 xlO' l £- (ignore) 


r>± 

kg 


APE = gh = 9.8(0 -80) = -784— 


W 14al = — ^ = -266.67 kW = -266.67 — work done by system 

Tleff W.75 S 
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-784m + 12.5m-t- 266.67 — = 0 
s 


266.67— 


_ 


(784-12.5) 


345.65 kg 


kg 


27.20 


The Bernoulli equation is 


V? Pi v? p> 

+ z, =-^ + —+ z, 
2g P 2g p ' 

where Ap/p = h 

For continuity flow between sections 1 and 2, Q\ - Q 2 


Ajvt “ A 2 V 2 

Solving the above two equations, we get 


„ A 1 A J V2gt(h,-hj) + (z,-z 2 )] 

Q_ Af-A5 


A,A„/2g(H + Z) 

Af-Aj 

where 

q= a,a^ =C a ^- 
V A 1 -Aj 

(continued) 
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27.21 


Basis; 1 second 


Q = C A Ayj2g (Ap + z) 
Let z = 0. 


Qm 3 
m - —— 


pkg 


g(m) 

Ap(m) 

s 2 



(a) 


Multiply both sides of Equation (a) by p 

m = C d A^2gApp 2 

The units under the square root are 


(b) 


If Ap is in the units of Pa 


Pa = - T = 
m 


(kg)(tn) 

1 

s 2 

m 2 
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(p)(Ap) = 


T*s.l 

(kg)(m) 

^r*st-L 

IV J 

(s 2 )(m 2 )_ 

U «■>* 


Thus 

m = C d A > /2pAp 
The gas density is 
P 


which is ok 


(c) 


P = 


RT 


307xl0 3 Pa 

(g mo!)(K) 


16g CH< 

1 atm 


82.06(cm 3 )(atm) 

303 K 

1 g mol CH, 

101.3 kPa 


0.95- 


(0.65) 

n(4xlO' J m) : j 

(2)0.95 g) 

ikg 

(100 cm Y 

307-99 kPa 


4 

(cm 3 ) 

1000 g 

l Ira J 



= 7.36 x 10'* kg/s 
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28.1 

Li+ 1/2 Cl,(g) -> LiCl(s) AH !, 8 =-408.78 kJ/g mol Li 

LiCI(s)+10 H,0(f) -> LiCl[10H,0] AH° ln = -32.84 fcJ / g mol LiC 1 

Li + 1/2 Cl 2 (g)+10 H 2 0(0 -* LiCl[10 H 2 0] AH!,, --441.62 kJ/g molLiC/[10 H,0] 

28.2 

The reason the freezing works is because heat removed from the ice cream during 
the solution of the salt (for the CaCI, -61-1,0, the resulting solution is with the attached 
water of hydration). 

Note: A mixture of 3 g of ice to 1 g NaCI is 10 g mol H 2 O to 1 g mol ofNaCl. 
NaCl(s)+10 H,0 -> NaCI [10 H 2 OJ 

AH -(-408.99)-(-411.00) = 2.01 kJ/g mol NaCI 

For the CaCI, - 6 H, 0 , you first decompose it and then dissolve it in the H 2 O of 
hydration (it melts in effect). 

melt: CaCI, - 6 H 2 0 -+ CaCl 2 (s)+6H,0(r) (a) 

dissolve: CaCl 2 (s)+6H,0 ~+ CaCl,[6H 2 0] (b) 

CaCI 2 * 6 H ,0 -> CaClj[6H 2 0] 

AH t * [6(-285.840) + l(-794.97)] - 2586.5 = +76.49 kJ 

AH b = (-854.4)- (-794.97) = = -59.40 

17.06 kJ 
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Salt 

AH^sohJiioa 

M.W. 

AH MiullOT 

Best per mol 

Best per g 


kJ/g mol 


H 



NaCI 

+ 2.01 

58.6 

+ 34.3 



NH 4 CI 

+ 14.10 

53.6 

+ 263 


V 

CaCI 2 

- 65.06 

111.2 

- 585 



CuCl, 6H,0 

+17.06 

219.2 

+ 77.8 




283 

Reference: 25°C and 1 atm for compounds 
a. Integral heat of solution for 1 mol Na 2 CO 3 (MW = 106.0) 

Moles H 2 O added AH°f(J/g mol) Integral AH.ni„tmn (J/g moH 


0 

-1130.92 

0 

15 

-1163.70 

-32.78 

20 

-1162.78 

-31.86 

25 

-1161.98 

-31.06 

40 

-1160.22 

-29.30 

75 

-1158.00 

-27.01 

100 

-1157.17 

-26.25 

200 

-1155.50 

-24.58 

400 

-1154.37 

-23.45 


(continued) 
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First, calculate the AH for the dissolution of one gram mole of Na,C0 3 • 10H ? O 

Na 2 C0 3 10H 3 O(s) -> Na,C0 3 (s) + l0H,O(f) 

AH°(kJ / g mol): 4081,9 -1130.92 -285.840 

AH* =[(10)(-285.84) + (l)(-l 130.92)J-[-408L9] = +92.58 kJ 

Next dissolve the 1 g mol of Na 2 C0 3 into 40 g mol of H 2 0 

AH° Na 2 CO 3 [40 H,0] = -1160.22 kJ 
AH* Na 2 CO 5 [0 H.O) = -1130.92 

AH° SO i u ,i 0fl = - 29.30 kJ 

AH*overall = 92.58 - 29.30 - 63.28 kJ/g mol Na 2 CO : , 

n - 20 + 0.5 = 20.5 kg mol 

The energy balance is AH = Q = nCpAT; 

Basis: 0.50 kg mol Na,C0 3 -10 H,0 dissolved (equal t 0 0.50 g mol Na 2 C0 5 ) 
(63,280) (500) = (20.5 x 10 3 ) (75.3) (T- 25) 

(T - 25) = 20.5 Ts j4S.S°c[ (or44.5°C if use Cp = 71.5) 
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28.4 




a. 

■ 


AH/mol sol'n 

nmnXmles) 

AH Q) 

moles of sol'n 

(J/g mol sol’n) 

0.0 

3,375 

1.0 

3,375 

0.1 

230 

1.1 

210 

0.2 

-1,660 

1.2 

-1,385 

0.3 

-2,920 

1.3 

-2,245 

0.5 

-3,980 

1.5 

-2,655 

0.67 

-6,150 

1.67 

-3,680 

1.0 

-8,830 

2.0 

-4,415 

1.5 

-10,735 

2.5 

-4,295 

2.0 

-12,865 

3.0 

-4,290 

3.0 

-14,610 

4.0 

■ -3,650 

4.0 

-14,465 

5.0 

-2,895 

5.0 

-14,320 

6.0 

-2,385 

10.0 

-6,915 

i 1.0 

-630 

20.0 

-12,705 

21.0 

605 

Plot the enthalpy per mole of solution from the table above as a function of the wt % 

HNO 3 from the first table. 
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Q = AH - AH^ - (AH a. + AH B ) 

A: ratio is 2 mol H 20 /moi HNO 3 - *20,290 J/g mol HNO 3 
B: ratio is 0.67 mol H 20 /mol HNO 3 =-10,880 J/g mol HNO 3 
F: ratio is 1 mol H 2 O/ 1110 I HNO 3 = -14,230 J/g mol HNO 3 
q = (-14,230 J/g mol HNO 3 ) (4 g mol HNO 3 ) - {(-20,290 J/g mol HNO 3 ) 
(1 g mo! HNO 3 ) + (-10,880 J/g mol HNO 3 ) (3 g mol HNO 3 )] 

|Q =-3,390J | 


28.5 

Q * AHoo = AHoo 20 % sol'n ~ AHc a Q 2 
a. Conversion of 20 wt % to moles: 

Basis: 100 g solution 


20 g CaCl 2 

l gmolCaCl 2 


111 g CaCl 2 


80gH 2 O 

1 gmol H 2 0 


18gH 2 0 


= 4.44 g mol H 2 0 


(4.44/0.18) - 24.7 g mol H 20 /g mol CaCl 2 
If the process is batch, assume AU = AH, 


AH 0 - 


/-208.3 kcal 

1 gmolCaCl 2 \ 

IgmolCaClj 

... 1 


/ 190.0 kcal 

1 g mol CaCl 2 \ 

mol CaCl 2 

) 


18.3 kcal 
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Basis: 1 lb mol CaCl 2 

0 - AH ° - ~ 18 - 300 ^HMgmof 1 Btu . 

g mol I lb mol 1252 cal 


CaCl 2 * 2 H 2 0 + 4 H 2 0 -> CaCl 2 * 6 H 2 0 
AH hvd = (-623,15)-(-333.5) - 


-33,000 


Btu 
lb mol 


-289.5- 


kcal 


g mol CaCl 2 


A 5 % sol'n contains: (5.28/0.045) - 117.2 g mol H 2 0/g mol CaCb 
By linear interpolation: AH = -209.10 kcal/g mol CaCl 2 
AH® = (-209.10) - (-208.3) = -0.8 kcal/g mol CaCl 2 


Q - AH® = (-800) (1.8) - 11440 Btu/lb mol CaCl 2 | 


28.6 

a. Q =» 0 (ideal solution) 

b. Basis: 900 kg H 2 0 and 63 kg HNO% 

MW: H 2 0= 18, HNOi = 63.0 

— = 50 kg mol H,0 — = I kg mol HNO, 
18 b ' 63.0 

Reference conditions 25 °C and 1 atm 

If the process is batch, assume AU = AH. 

HNO 3 (Q^50 H,0(f) HNO 3 [50 H,Q] 


(continued) 
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AH°so,«tkxi = (-205.978) 0 - (-173.234) = - 32.744 kj/kg HN0 3 
The energy balance reduces to, Q = AH = AH so iution 
Q = (50) (-32.944) - t-1637.2kJl 


r~--— 

i 28.7 

: Calculate the initial enthalpy. Use H 2 SO 4 enthalpy concentration chart. 

Co m p, ( lb ) ^H 2 SQ .4 kgLfoSO^TPF) AH Btu/lb AH(kJ/kg) AH (kJ) 

250 20 50 bp 220 90 209.16 52,290 

100 98 i8 310 K (98°F) 14 32.54 3.2S3.6 

Total 148 55,543 

Final H 2 SO 4 concentration in a closed system: 

H (100) = 42.3% 

Final specific enthalpy: 


55,543 kJ 

l Btu 

0.454 kg 

350 kg 

1.055 kJ 

lib 


= 68.3 Btu/lb 


From the chart: T s242°F=» |i 17°cl or f390Kl 


The composition of the liquid is 


43 to 44% H 2 S0 4 


If the system is dosed, then the final state is two phase 
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Let x - lb of liquid and (350-x) =* lb of steam. Steam at 242°F and l atm is 1166.2 Btu/lb 
x(20) + (350-x) (1166.2) = 68.3 (350) 

|x = 335 lb liquid | (and 15 lb steam) 


28.8 

Assume the system is closed, but AU - AH. 

Data from the H 2 SO 4 enthalpy concentration chart. The initial states are: 

Initial 

Como. 1(10 IC£) %H,SOa %H ? 0 kgH,SO, kgH.Q Ajj _fBtu/lbl Ajj_(J/kg) AHfldl 


20 % h 2 so 4 

340 

152 

20 

SO 

too 

400 4 

10 92.9 

46,450 

96% H 2 S0 4 

310 

96 

96 

4 

288 

12 -10 -23.2 

-6,960 

Steam 

400 

260 

0 

LOO 

S 

100 

2729.7 

272.970 

Total 





388 

512 

2799.4 

312,460 


b. The final concentration of the mixture is (total is 900 kg) 

%H 2 S0 4 = — (100) =43% 

900 

% H 2 O ~ 100 -43 = 57% 


a. The energy balance reduces to AH = 0, or AHfciUai “ AH^i. The specific enthalpy 
of the final solution is 312,460 kJ/900 kg - 347.2 kJ/kg 
____ (continued) 
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347.2 kJ 

1 Btu 

°- 454kg -135 2 Rtu/lh 

kg 

1.055 kj 

' "— IJJ.J. DtU/ ID 

1 lb 

From the H 2 S0 4 enthalpy - concentration chart for these two conditions, 

T 

= 25TF 

or [395 K[ 



JT 22 "C| 

The concentration of the liquid is 53% H,S0 4 [ 


28.9 

This problem can be solved using the charts in Appendix I for NH 3 and H 2 S0 4 , 
but the readings will not be very accurate. It is better to go to a reference book (or the 
internet) to get data for NH 3 , and use Table HI for H 2 S0 4 . 

Preliminary calculations for NH.v 




Basis: 

100 g of 15% NH 4 OH 

by weight 

at 1 atm 


£ 

MW 

g mol 



NH 4 OH 

15 

35.05 

0.428 



H,0 

M 

18.02 

4.717 



Total 

100 


5.145 





emol 


MW 

B 


nh 3 

0.428 


17.03 

7.29 


h 2 o 

0.428 + 

4.717 = 5.145 

18.02 

92.71 


100.0 


The energy balance will reduce to Q = AH if the system is open and Q = AU if the 
system is closed, but we can assume for a closed system A U = AH . 

AH= ZAH-IAH +AH <W +IAH 

Products Reactants_Solution 
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Reference conditions 25°C and 1 atm 

AH^ : The reaction is calculated from (on the basis of 0.428 g mol NH 3 ) 

2 NH,(g) + H 2 SO«(f) (NH 4 ),SO jJ (c) 

AH“(kJ/g mol): -46.191 -811.32 -1179.3 

= [0.428(0.5)(-1179.3)]-[(0.428)(-46.191)+(0.428)(0.5)(-811.32)] 

= -58.98 kj 

The data for NH 3 come from the LaRoche Industries website rather than 
Appendix I, 

AH^.,,: The products aie at the reference conditions so that AH**,^ = 0. 

AH Reacunu : The H 2 S0 4 is at 25°C and l atm, hence its AH = 0. The NH 3 is at 1 atm 

where the temperature is 171°F (77°C). The AH from 77°C to 25°C (33 IK to 298K) for 
a 7.29% (by weight) solution of NH 3 in water requires data for the heat capacity which is 
not available, hence use the value for the water alone (92.71 g or 0.0927 kg) 

Use data from the steam tables or the CD. 

AHNH, TO )n = “ - 092 - —~ j 1 Y ~ = 10-66 kJ per 100 g NH 3 solution 

I 

AH^ QfNH 3 : 

Each compound has an associated heat of solution. The values in the LaRoche 
tables are for 7.2% by weight NH 3 . 

(continued) 
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Weight% T£F1 CEQ AH (Btu/lbsolution) 


7.2 

0 


170.8 

213 


77 

100 


116.1 
181.0 


The values of AH in Btu/lb have to be adjusted to 25°C, and the difference taken. 
Convert first to kJ. 


7.29% solution : 


116.1 Btu 11.055 kJ 

1 lb 

lb solution | 1 Btu 

0.454 kg 


= 269.7 kJ/kg solution 


0% solution : 


181.0 Btu 11.055 kJ 

I lb 

2b solution | i Btu 

0.454 g 


-=420.61 kJ/kg solution 


Assume you can calculate the AH from T to 25°C using only the AH of water 


170.8-77 (92.7% H 2 0): 


213 - 77 (100% H 2 O): 


0.0927 kg 

219 kJ 

100 g solution 



0.100 kg 

317.7 kJ 

100 g solution 

kg 


= 20.3 kJ/100 g solution 


= 31.8 kJ/100 g solution 


7.2 9% solution : 26.97 kJ/100 g solution - 20.3 kJ/100 g solution = 6,67 kJ/g solution 


0% solution : 42.06 kJ/100 g solution - 31.8 kJ/100 g solution « 10.26 kJ/g solution 


Heat of solution = 6.67 - 10.26 * -3.59 kJ/100 g NH 3 solution 

The g moles of H 2 SO 4 needed to react with the 0.428 g mole of NH 3 are 0.5 
(0.428) = 0.214 g mol H 2 S0 4 . The H 2 S0 4 solution is 1 mol H 2 SO 4 per 3 mol H 2 0. From 
the table in Appendix H, AH^iuti™ =» -48.998 kJ/g mol H 2 SO 4 . 

AHsojutioo — (-48.998)(0.214) = -10.49 kJ/100 g NH 3 solution 

The heat of solution of the (NHih S0 4 in \$. 145 + (3K0.214)] mol of H 2 0 is not 
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known. If the difference between the AHJ of the crystal and aqueous (NH 4 ) 2 SO 4 in 
Appendix F is used, then for (NH 4 ) 2 S 04 


_ [(-1173.1)-(-1179.3) kJ (0.5(0.428) g mol(NH 4 ),SO, 

gmoIfNH^SO, 1 

-1.33 kJ per 100 gNH, solution 

= -3.59-10.49 +1.33 = -12.75 kJ 


Q = AH=0 -10.66 + (-58.98)+(-12.75) = 1-82.39 kJl 
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28.10 

Heat of solution data have been taken from NBS Circular 500. 
(a) Basis: 17 lb of NH 3 = 1 lb mol of NH 3 
Reference temperature = 77°F 25°C 


To convert from kilocalories per gram mole to British thermal units per pound mole, 
multiply by 1800. 


Description 

State 

-AH°r 
(keal/g mol) 

-AH° f 
(Btu/)b mol) 

“AH soln 

(Btu/lb mol) 

Weight 
% HN 3 

0H 2 O 

g 

11.04 

19,900 

8,5001 

100 

1H 2 0 

aq 

18.1 

32,600 

12,700 

48.5 

2H 2 0 

aq 

18.7 

33,600 

13,700 

32.0 

3H 2 0 

aq 

18.87 

34,000 

14,100 

23.9 

4H 2 0 

aq 

18.99 

34,200 

14,300 

19.1 

5H 2 0 

aq 

19.07 

34,350 

14,450 

15.9 

10H 2 O 

aq 

19.23 

34,600 

14,700 

8.63 

20H 2 0 

aq 

19.27 

34,700 

14,800 

4.51 

30H 2 O 

aq 

19.28 

34,700 

14,800 

3.05 

40H 2 O 

aq 

19.28 

34,700 

14,800 

2.30 

50H 2 O 

aq 

19.29 

34,750 

14,850 

1.85 

100H 2 O 

aq 

19.30 

34,750 

14.850 

0.94 

200H 2 0 

aq 

19.32 

34,800 

14,900 

0.47 

coH 2 0 

29 

19.32 

34,800 

14,900 

0.0 


t Represents latent heat of condensation 


Standard heats of solution have been calculated from the cumulative data as follows: 

AH 0 **!* = AH°f - AH°r g « 

For example, for NH 3 [1 H-,0]: 
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AHVm =-32,600-(-19,900) 

= -12,700 Bta/lb mol NH, 

Weight percents have been computed as follows: 

w.%NH 3= lbNH > (10Q) 
lb H,0 + lb NH, 

wt % NH 3 for 1 H,0: = = 48.5% 

The heat of solution values shown in Fig. a are equivalent to the cooling duty required. 


CwKtrrtrttHoft, wt X HHj 



(continued) 
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Fig, a, 

(b) This part of the problem requires that a new basis be selected, 100 gal of solution. 
Additional data concerning densities of NH 4 OH are shown in the table below. Sample 
calculations are as follows: 

density (Ib/iOO ga» - <0X2918*1 

7.48 gal/ft 5 

Note: 1.003 is the specific gravity of water at 77°F. 

density at 32.0% NH, = 0-889(62.4)(1 ■°03)( 1 00) ^ ^ lbm0ga] 

7.48 

cooling req'dl _ ( lb mol NH 3 Y „ Btu "j 
Btu/100 gal J [ 100 gal J[ “"lfamolNH,] 


cooling req’d 
for 100 gal 
32.0 NH 3 soln 


= 13.94(13,700) = 191,000 Btu/100 gal soln 


These data are portrayed in Fig. b. 
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(b) 


(c) 



IU&: 100 cU of solution *t eunceotmions and de&sftks shewn 


%HNi 


Splf* IXtahy IbHMi 
*M*C (JtylOO j*J) 


CooUnt fteq’d 

JhmolNHi / Btu \ pcc !00ni 
(Btu) 


320 

c,t» 

741 

237 

1344 

23.9 

0i9!4 

7*1 

ID 

10.70 

19.1 

at» 

774 

148 

8.70 

15.9 

0.940 

714 

124.7 

7JQ 

*.63 

0965 

905 

*9.4 

4.0 

4.31 

0411 

<19 

37*0 

XI* 

3.05 

a«6 


2.30 

0.990 

*26 

i9.a 

1.12 

I4S 

0.992 



0.94 

0.995 

DO 

74 

0.46 

a*? 

0.99* 


0.0 

1.000 

834 

0 

0 


13.700 
14,100 
14^00 
14,430 

14.700 
14400 

14400 

14430 

14400 


291,000 

151,000 

124,000 

206,000 

60,000 

32400 

16,600 

6,100 

0 


•xhmoe: K. A. Un*. Hm*x»k eJCUmm, Wt«L, Hs*db«* Pufclkhers, Ssndwky, Ohio, 1951 . 

Basis: 100 gal of solution at 10.5% NHj 
AE = AU = mC v AT = mC p AT = 72,000 Btu/100 gal 
sp gr soln = 0.955 


(continued) 
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7.48 


C p 10.5%NH 3 so In =4.261 J/(g)(°C) 
= 1.02 Btu/(lb)(°F) 


AT = 


AH 


72,000 


= 88"F 


mC p (800)(1.02) 
Tfi M t = 77 + 88 = 165°F 


28.11 


loV* Na&ti 
io r ooo Ib/Kr 








-__’TOTF j tO*/o n&Vv\ 


m\ 






f 40p*uj 

; zbi ft F 


\OO m ? r , 4o7 e aoOr, 


Basis: 1 hour 
Open system, steady state 
An energy balance shows Q - AH. 
Enthalpy values from H-x chart for NaOH 


Comp. 

10% (70°F) 
40% (100°F) 
H 2 Q vapor(212°F) 


AH, Btu/lb sol’ n 

35 

94 

1150 
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10,000 lb sol'n ini 10 lb NaOH 

100 lb sol’ n out _ 2500 lb sofn out 

1100 lb sol'n in 

40 lb N aOH 10,000 lb sol’ n in 


H 2 0 evap = 7500 lb 
Energy Balance: 

Q - 7,500 (1150) + 2500 (94) - 10,000 (35) - 8.515 x 10* Btu 

_ 8.515 x 10 6 Btu/hr 

Sleamreq’d-Q/AH^- 933/7 B m/| b = | 9 140 lb/hrk 


28.12 

Use the enthalpy concentration diagram for H 2 SO 4 (found in Appendix 1) for the 
enthalpy data, 

Basis: 1000 lb 50% solution at 100°F 



From Appendix 1: 


j 


(continued) 
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h 2 so 4 

Cone. 

terop^m 

AH(Btu/lb) 

80% 

100 

-88 

20 % 

100 

-4 

50% 

100 

-85 


AH of ice — —144 Btu/lb 

(or negative of the heat of fusion 
at 32°F, the reference for the H 2 S0 4 chart) 


Assume closed system with AU = AH. 


Material Balance : 


Let total lb of 80% H 2 S0 4 = x 
Let total lb of 20% H 2 S0 4 = y 
Let total lb of ice = z 


Material Balances: 


H 2 SO 4 : 

HaO : 


0.8x + 0.2y + Oz = 500 
0.2x + 0.8y + z =500 


Energy balance (Q = 0 = AH = H ou , -H iD 

88 x + 4y + 114 z = 85,000 

A summary table can now be completed as follows based on the solution of the 
three equations using Polymath. 


Component 

80%H>SO 4 f!to 

20% H 5 SO 4 

Ice Hb) 

Final soPn 

Wt.% 

h 2 so 4 

475 

24.6 

0 

500 

50 

h 2 o 

119 

98.4 

282 

500 

50 

Total 

594 

123 

282 

1000 

100 
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282 lb Ice at 32°F 

594 3b 80% H,S0 4 at I0O°F 

123 lb 20% H,SQ 4 at 100 °F 


28.13 

The concentration lies on a line joining the coordinates of 0% H 2 SO 4 , AH =1180, and 
30% H 2 SO 4 and 70°F. The intersection of this line with the boiling point line = 28%. 

28.14 

Basis: 1000 lb 10% NaOH at 100°F 



Cone. 

IbNaOH 

IbHjO 

total 

Initial 

Added 

Final 

10 % 

73% 

30% 

100 

0.73 m 
100+0.73 m 

900 

0.27 m 
900+0.27 m 

1000 

m 

1000 + m 


mCLt..OJ3.nL = Q3o . _, 

1000.0+ m * ]m = 465 lb 73% NaOH added] 

b. Reference State: liquid water at 32°F under its own vapor pressure 
(AH = 0 Btu/lb) 

Enthalpy values from NaOH on H-x chart 
Q = AH = AH3 o% - [AH 10 % + AH73%] 

_____ (continued) 
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Cone. Teron 

lb sofn ^ 

, Bru/lb 

1 

AH. Btu j 

| 

10 

100°F 

1000 

61 

61,000 

73 

200°F 

465 

371 

172,600 

30 

70°F 

U65 

37 

54,200 

Q = AH = (54,200)- 

(61,000+ 172,600) f 

-179,400 

Btu 


|Heat remove 

= 179,400 Btu| 



28.15 






Basis: 

1 hour; Data from NHj - H 2 0 < 

chart 

a. 

Material Balances: 




Overall: 

10,000 = L + V 




NH 3 : 

8,000- Lx NHj +Vy 

KH, 



H 2 0: 

2,000 = Lx Hj0 + Vy 

FI jO 

i 


Enthalpy Balance: 

AH f = Q = AH,+AH, 
By assuming values of x: 


X 

1 

AH, 

AH V 

(AH V ) call 

0.70 

0.9993 

3i7? 

550J 

661.2 

0.65 

0.9987 

-34.1 

552.4 

508 

0.67 

0.9989 

*33.1 

551.8 

554 

X NH, 

= [67%1 
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29.1 


a. Dewpoint-10*0 

b. %RJT = -^100^&^100 = 10Q = [38%1 

Psat P 27 . c 3.356 kPa 




_ P«,o . 1.27 [IS 

' p* 101.3-1.27129 


= 0.79 kg H 2 0/kgairj 


29.2 


Assume pr m 760 mm Hg 

a. p‘ H , 0 @ 120° F = 87.58 mm Hg 

7f = (18)(87 : - S - -|0.081 lb H 2 0/lb dryairj 
(29)(672.42) 1 --- -— 1 

b. V=[(0.730)(120)+336]^+^ij = 16.5I ft ! at l20°Fand 1 atm 

c. C, = 0.240 + 0.45 (0.081) = 0.276 Btu/(lb dry air) (°F) 


29.3 


Refer to the text for specific equations and definitions. 
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29.4 

Let A = alcohol and C ■* C0 2 - MW of A = 46; MW of C = 44. 
At 40°C, pA* - 134.26 mm Hg or 17.90 kPa 
a. p A = 0.10 (100)- 10 kPa 


H= (46 ~— 0) ' - ^10.116 gA/g C[ 

(44)(100-10) 1 - ' J 

%RS=-E-(100)=~(100)= l55.9%| 
p* 17.90 


b. 


c. C, = 1.00 + 1.88(70 — 1.00+ 1.88 (0.il6)» l.22 J/(K)(gC) 

d. V' = 2.83xl0' J T K -t-4.56xl0“ 1 (7f) 


= (2.80)(I0- J )(313.15) + (4.56)(10' 3 )(0.116) = jo.877 mVkgC 

At saturation at 40°C 

7f = ^ ( 1 7 - 9Q > - = |0.228 g A/g c l 

(44X100-17.90) 1 - - - 1 


V r =(2.80)(10' 3 ) (313.15)+ 4.56xl0‘ 3 (0.228)= 0.878 mVkgC 


29.5 


They are almost parallel to each other. 
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29.6 

When the air is saturated. 


29.7 

Draw a horizontal line until it intersects with the saturation curve. The 


temperature at the intersection is the dew-point temperature. 


29.8 

When the air is saturated (100% relative humidity). 


29.9 

Condenses water from the air in humid climates. 

1 


29.10 

The two temperatures are approximately equal at atmospheric temperatures and 
pressure. 


29.11 

Because a horizontal line on the psychometric chart represents a process in which 
the moisture content (the humidity) constant, and the moisture content of air remains 
constant during a heating or cooling process. 
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29.12 

. „ 0.02 lbH ,0 

If by air is meant wet air, H - - = 0.204 -—— 

0.98 lb dry air 

From the SI humidity chart 

a. Dew point - 25.2°C 

b. %RH s 59% 


29.13 


a. From Humidity Chart, where toB " 90°C (194°F) and twB - 46°C (115°F) H ~ 
0.049 kg H 20 /kg air. Upon cooling to 43°C (109°F), no condensation occurs, 
therefore H is constant. 


0,049 kg H 2 0 

29 kg air jlkgmolH 2 0 

1 kg air 

1 kg mol air | 18kgH,0 


0.079 kg m °' H ; ° 
kg mol air 


b. 


Final pressure = 100 



= 187.1 kPa I 


c. At saturation: 0.079 = — - H » —; solving p* H 0 =6,38 kPa 

At the dew poin t, the vapor pressure of pure water is equal to 6.38 kPa. Dew 
point = |37°C(99°F)[ 

The same answer can be obtained by proceeding to the dew point at constant H on 
a humidity chart for the correct pressure. 
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29.14 

From the SI chart at the intersection of T o0 = 30°C and RH = 65% 
y= [o.o 174 kg H,Q/kg <jry air| 

29.15 

The state in the problem is defined by T D8 = 82°F and T WB = 70°F. The total 
pressure is 14.696 psia. From the psychrometric chart you can get the necessary values. 
At the intersection of the DB line and the WB line read; 

a. X- 10.014 lb water/lb dryairj 

b. Read: |RH = 56%I 

c. The vapor pressure of water p T H0> at 82°F is (from the steam tables) = j 0.5409 psia) 

d. From the humidity chart, the dewpoint is l65°Fl 

e. The enthalpy comes from following the WB line to the left (34.2) less the 
enthalpy deviation of -0.1 Btu/lb dry air. 

[H s 34.1 Btu / lb dry airj 

f. The specific volume at the initial point is 

~ 14 fl 3 /Ib dry air 
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29J6 


Basis: 1 lb dry air 
Data from the humidity chart. 

Initial state: 

^db = I80°F and T NVB = 120°F jf— 0,0637 lb HjO/Ib dry air 

s 120 Btu / lb dry air 
- Btu /lb dry air 

H = 118.5 Btu/lb dry air 
Final state 


T os = 115°F, T^ = ?, H=s 0.0657 lb H,0/ lb dry air 

H Mmwed 5 101 Btu/lb dry air 

AH - 101 - 118.5 = r-17,5 Btu/lb diy air| 


29.17 


Basis: 1 lb dry air 


Tffrom the humidity chart is |0,0I42 lb H,Q/lbdryair 
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29.18 

From the humidity chart 
Humidity = 0.0105 kg/kg dry air 
Wet bulb temperature ~ 21.5°C 
Humid volume = 0.88 mVkgdry air 
Dewpoints 14.7°C 

Specific enthalpy = 63 ~ 0.5 s 62.5 kJ/kg dry air 

29.19 

From the humidity chart 
Relative humidity = 30% 

Specific enthalpy s 76.5 - 0.65 = 75.85 kJ/kg dry air 

29.20 

From the humidity chart 
Diy bulb temperature s 33.7°C 
Wet bulb temperature s 27°C 

Relative humidity s 60% 

Humid volume = 0.897 m J /kg dry air 
Enthalpy s 85.1 - 0.34 = 84.76 kJ/kg 
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Basis: 1 lb bone dry air (BDA) 


room 3 


Huwu\l 

ai> 




; HgATeR 

@ 


K—-- 

lot ’ 

CllVSULATElj) 


OM-fit/kfr SM I t 

# = O.oi $ k ' ft, H^o 




> Plir 


Basis: 100 m 3 


Data from psychometric chart (BDA * bone dry air), 

a. @ 1, Dew point = [23° Cj 

b. @ 1, humidity - [0^Q18 kg H ,0 / kg dry ai | 

jj 0 ftl R 

@ 1, Relative humidity = — = ——-(100 =) |54.5%1 
c H> 0.033 


AH - Q + W 


W = 0 


Q-AH I -AH,-(141.5O.6) 1 ^-(».0-0.3) l ^.59.2 15 ^ 




V _ 100 m 3 entering ail kg BDA 


Q- 


0.89 m 5 

59.,2kJJ12J6kgBDA = ^ r7 ^ 
kg BDA 1 - 1 


» 112.36 kg BDA 


Adiabatic cooling by evaporation yields a saturated humidity of 0.041 kg 
H20/kg BDA: (continued) 
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(0.041-0.018) kg H,0 

112.36 kgBDA_ 

2.58 kg H,0 

kgBDA 

110 m 3 air 

100 m 1 


f. T« it =H 2 fc| 


29.22 


Basis; 1 lb dry air 


Assume pr ® 760 mm Hg 


a. P*ho@ 120°F ~ 87.58 mm Hg 

„ (18)(87.58) ,__ 

H ~ (29 ) ($72.42) ~ l °- Q8i iEZIg B 

b. From psychrometric chart, sat’d volume @ 120“F - |l6.52(ft) 3 /lb dry air| 

c. From psychrometric chart, adiabatic cooling temp = wet bulb temp = I77°F| 

d. Jf@ 120°F (DP - 60°F) = 0.0110 lb H 2 0/lb air 
Jf sat @ 82°F = 0.0237 lb H 2 0/lb air 

(0.0237) - 1 

e. H sar @ 60°F - O.Oi 101 lb H 2 0/Ib dry air 
Hsat @ 40°F - 0.00515 lb H 2 0/lb dry air 
0.01101 -0.00515-0.00586 
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0.00586 lb H 2 Q 


lb diy air 


98.9 lb dry air 


100 lb moist air 


0,579—m. 


100 lb moist air 


29.23 

From the SI psychometric chart at 29°C and 40% relative humidity read 
Twb= 19.3°C 

Assuming the liquid water is supplied at a temperature not much different than the 
exit temperature of the air stream, the evaporative cooling process follows a line of 
constant wet-bulb temperature, which is the lowest temperature that can be obtained on 
an evaporative cooler. That is, 

Tout -T wa = 19.3°C 


29.24 


Excess dryness in the air feels uncomfortable. 


29.25 


To reduce the relative humidity so the air will not feel so damp. 


29.26 


Yes. 


29.27 

a. The humidity of the entering air at 225°F DB and 110°F WB is obtained from the 
humidity chart. 

___ (continued) 
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lb H 2 0 


Humidity « 0,031 


lb diy air 

Assume the exit air to be saturated at 125°F. 
lb H, 0 ' 


Humidity = 
Basis: 1 hr 


0.0955 


lb dry air 


10 tonsl 

11 day 

20001 b 

day 1 

j 24 hr | 

j ton 


Water in = (0.1) (835) = 83.5 Ib/hr 
. (0.9) (835) lb dry grais 


Water out = 


ini I 
199 11 


lbH 2 0 


lb dry grain 


= 7.59 lb/hr 


lb H 2 O removed/hr = water in - water out = 83.5 - 7.59 = [75.9 lb H,Q / hr] 

3 . Product output = [(0.9) (835) dr yg rain + 7.59 « |18 ? 200 lb/~day] 

7.59 lb H 'jO/hr 


lb BDA _ 

hr (0.0955 -0.0310) lb H 2 0/ib BDA 

Q = AH = Enthalpy out - Enthalpy in 
” AHatr ^ AHdry grain + AHwater 


J \1 day] 
= 1175 lb BDA/hr 


: 1175 


lb BDA 


hr 


] 36 5 P— _(92 25-2 25) —- ■ 

lb BDA K lb BDA 


(0.9) (835) lb dry grain 

0.18 Btu 

(110-70) °F 

hr 

(lb)(°F) 
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7.59 lb H 2 O 

l.OBtu 

(110-32) °F 

hr 

(lb)(°F) 



83.5 lb H 2 ( 

3j 1.0 Btu 2 |(70-32)°F 

hr 

! (lb) (°F) j 


= 5.46 x 10 4 + 0.54 x 104 + 0.059 x 10 4 - 0.32 x 


10 4 = |5.74x 10 4 Btu/hr| 


29.28 

Assume in this problem 

1. Steady operating conditions 

2. Dry air and water vapor are ideal gases 

3. AKE = APE = W = 0 

4. The mixing is adiabatic (Q = 0) 

Data from the humidity chart: 

Stream 1 : 

H] = 110.3 kJ/kg dry air 
9f = 0.0272 kg H 2 0/kg dry air 

Stream 2 : 

H 2 ~ 50.9 kJ/kg dry air 
# 2 = 0.0130 kg fyO/kg dry air 

The specific humidity and the enthalpy of the mixture can be determined from mass and 
energy balances for the adiabatic mixing of the two streams: 

Basis: I kg dry air 

Total Mass balance; 8 + 6 = 14 kg total 

(continued) 
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Water mass balance: 

8(0.0272) + 6(0.0130) = 14 


b, H ~ 0.0211 kg H,Q/kg dry air 


Energy balance (AH 85 0) 

8(110.3) + 6(50,9) = 14 (H mijaure ) 

H = 84.8 kJ/kg dry air 

These two properties fix the state of the mixture. Other properties of the mixture are 
determined from the psychometric chart 

a. It = 30.7°Cl 

c. |RH = 7S.1%I 


29.29 

Data from Humidity Chart 


Satd Air 


Air in 
85°F 
T wb = 77’F 


<— 


6 

_ ? 


_» 1 


a. H air in - 10-QI813 lbH,Q/ibair| 

b. Hair out ° p3Hb H,67lbair| 

H 2 0 picked up = 0.031 -0.01813 


in 

4 102°P 


.H 0 0 out 
4 89 ’ 
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= 0.0129 lb H 2 0/lb air 

Energy Balance: 

AHair out _ AH a j r in *= AHwater in — AH wa ter out 
Basis: 1 lb dry air Ref. temp - 85°F 


AH lir M AH Hj0 ^ 


0.24 Btu 

1 lb 

(90-85) 0.45 Btu 

0.031 lb 

(90-85) 

(lb)('F) 


(lb)(»F) 




AHhjO out AHaic + H 2 0 in AHh 2 0 in - AHh 2 0 out 


+1040 Btu 

0.0129 lb '- ' -' _ 1 Btu | 

Imlbl 

(102-89) 

lb 

(lb)H 




m= 1.136 lb H 2 Q/lb air or |0.915 lb air/ lb H,Q| 
c. % HjO vaporized 100 == Il.i4%l 


29.30 


Basis: 180 kg/hr of product 


Material Balance 


Dry product -—^ - 166 kg dry P/hr 


a. Water removed from solid: 

(continued) 
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In 


U5kgH 2 0(166 kg/hr dry P 

1.00 kg dry P[ 


— {0.08) (180) kg/hr 


= 207.5 - 14.4 = [193 kgH.O/hrj 


Basis: I BDA 


Water picked up in dryer 


out in 

[0.0571 kg H 2 0\ [0.0083 kgH 2 0^ _ A _ kg H 2 0 

\ kg BDA )ouj, 53° \ kg BDA j in ,2P U ’ U ***kgBDA 


kg BDA = 193 kg H,Q 

hr 0.0488 kg H 2 0/kg BDA 

b. Energy balance 

Air: 

air in (21 6 C, 52% RH): 
air out (53°C, 60% RH): 

AH “ 


[3955 kg BDA/hr| 

AH (kJ/kg BDA) 

58.2 

219.7 

161.5 kJ/kg BDA 


Basis: 1 hr 

AH = (161.6) (3955) - 6.387x 10 5 ki 
Solid fref. 2 PC) 
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solid out: AH 


■'21 


C p dT= = 


0.18 cal) 4.184 J110 


cal 


10 


(g)( p c 

solid in: AH - 0 (because of reference temperature) 
Basis: 1 hr 


(43 - 21) °C 


16.57 kJ/kg P 


AH ** (16.57) (180)« 2983 kJ 

If the dryer and reheater are insulated, then for the system 
Q-W-AH and W = 0 
Qreheater - 2983 + 6.387x 10 5 - 16.42 x IQ 5 kiThr] 


29.31 

Initial air: T D b = 38”C, Twb = 27°C, 


H j = 0.0175 kg/kg dry air 

Air from scrubber. T = 24°C, RH « 100%, RH 2 - 0.0188 kg/kg dry air 
Heated to 93°C: H 3 -O.OI 88 
From drier: Tqb = 49°C, H 4 “ 0.0377 
(1000 kg/hr) (0.05) = 50.0 kg H 2 0 to be evaporated 


50.0/(0.0377 - 0.0188) = 2650 kg dry air/hr 
2650 (0.0377) = 100 kg H 2 0/hr 


v f 2650 100 
29 18 


22.4 


273 + 49 


273 


2560 m 3 at 49°C and 1 atm 


(continued) 
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Heat supplied: 

Q = [(2650) (1.00) + 100 (0.200] (93 - 24) = 1.84k 10* kJ/hr 
Water at 93°C has p* = 79.4 kPa 


M 

(79.4) 

(29) 

(101.3-79.4) 


2.25 kg HjO/kg dry air 


[(0.0188/2.25)] (100) - 0.83% RH air from heater 


Answers: 


a. i, H = 0.0175 b. 1. 42% 

2. H = 0.0188 2. 100% 

3. H = 0.0188 3. 0.83% 

4. H = 0.0377 4. 47% 


c. 2650 kg dry air/hr 

d. 2560 m3/hr 

e. I.84xl0 5 kJ/hr 


29J2 

Step 5 : Basis: 1 hr 

Assume: 

1. APE = AKE = W - 0* 

2. No reaction occurs, 

3. open, steady state process, 

4. ideal gas behavior 

Data: 


Entrance air (in> 

H (kJ/kg dry air) 50.5 

(kg H20/kg dry air) 0.00587 

V(m 3 /kg dry air) 0.88 


Solutions Chapter 29 


Assume the properties of the wet penicillin are the same as those of water. AH vap at 34°C 
- 2420.25 kJ/kg water. Let P - kg dry penicillin per hour, and F = kg dry air/hr. 


Steps 3 and 4 


Moist air 


Tdb“ 
t wb = 

34°C 

? 


Penicillin 

Dryer 

Penicillin 

34°C 

©5, =0.80 

34°C 

<,-0.50 


oistj air 


Moistj air 

3300 ra 3 /hr 
TdB^’C 

Twb " 17°C 

, . 4500 m 3 |l kg dry air f 

air in - —-—= 5 U4 kg dry air 

I 0.88 m 3 

Steps 6 and 7 : 


The exit conditions for the air are not known, but the Tfand H are related on the 
humidity chart hence only one is unknown. P (dry penicillin is unknown). 


The balances are water, dry air, and dry penicillin. 
Steps 8 and 9 

TwbCQ 


J fcg H.O ] 
(kg dry air ) 


H(kJ/kg dry air) 


Assume: 

20 

0.009 

57.0 


21 

0.010 

60.6 


22 

0.0115 

64.0 
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Water balance: 


Energy balance: 


5114 (0.009 - 0.00587) = water evaporated = 16 0 kg 
5114 (0.010-0.00587) = 2U kg 
5114 (0.0115 - 0.00587) = 28.8 kg 

5114 (57.0 - 50.5)/ (2420.25) = 13.73 kg 
5114 (60.5 - 50.5) ( (2420.25) = 21.1 kg 
5114 (64.0 - 50.5) / (2420.25) = 28.5 kg 


The solution is very sensitive to the values read from the psychometric chan. Assume the 
tmal T WB « 21 or 22" C, 

a. Water evaporated - |~28.5 kg I ! 

b. AH (21°C) - 51,140 kJ/kgdry air =» (51,140 kJAhr] 


Steps 6 and 7 


Unknowns 
Equations 
Steps 8 and 9 


P, exit T wb 
air, water 


Water balance on air gives water evaporated (5114) (0.010-0.00587) = 21,1 kg H 2 0 
Energy balance: (60.5 - 50.5) (5114) 4-21.1 (2420.25) - 0 
0.80 0.60 

tjsearc 


21.1 kg H 2 0 evap = pfM£_2i°) = 3 p 
v.0.20 0.50 1 


P = ~J~ = |7 kg/hrj 
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29.33 

Steps 1.2.3. and 4 


The process will be assumed to be a steady state, open, continuous one with 5L 
owing in (in the material balance the air is invariant). All of the data for the stream 
nows and compositions have been placed on the figure. The lungs will be the system. 


5 L air T 25°C 


0.95 kPa 
Pair 96.05 kPa 
97.0 kPa 


Lungs 


P L air, 37°C 


P H.O" p H! 0 6-27 kPa 
P»ir 90,73 kP a 

t,o, 97.0 kPa 


Piijo = 3.I7(0,3) = 0.95 kPa 


Step _5: Basis: 5 L air -> 1 min 

Steps 6. 7, 8, and 9: 

Material balances 


96.05 kPa 

1 atm 

5 L 

l(gmolXK) 


101.3 kPa 1 

298 K 

0.08206(LXatm) 


- = 0.194 g mol 


( 0.95 ^ 

n « ? o J(0.194) - 1.92x 1 O' 3 g mol 


Out: 


n lir =0.194 g mol 


(continued) 
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n Hj0 =0.194^y = 0.0134g mol 
Energy balance 

The energy balance reduces to Q = AH. The reference temperature will be 25°C. 
Assume the increase in water vapor comes from water vaporized at 37°C 
(AH^ 2414.3 kJ/kg). 

AHig: Both the air and water enter at 25°C so AH - 0 for both the input streams. 

AH.,„: 

AH* =0.194 £"(27.2 +0.0041 T K )dT = 66.2 J 

AH„ l0 = 1.92x10° £° (34.4+0.0063 T K )dT 

+ (0.0134 - 1.92 X 10‘ 3 ) (2414.3)(18) - 499 J 
Q = AH - 499 + 66.2 = 565 J/min or [33.9 kJ/hrl 
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Comp. 

inj^ 

out 

waste in * 


H 2 0 

63.4 

22.7 

2000 

0.773 

— = 4,220 lb 






36.6 

DW 

36.6 <-► 

77.3 


DW out — 2.000 lb 


100.0 

100.0 

H 2 0 evap. 

= 2,220 lb 


Basis : 1 !b dry air 

Air in, 80°F, 29.92 in. Hg, and a wet bulb temperature = 54°F: 

74 = 0.0031 lbH 2 0/lbdryair H' in =22.62-0.18 = 22.54 Btu/lbdryair 


Air out, 120°F, 29.92 Hg, and a wet bulb temperature - 94°F: 

T^ui — 0.0292 lb H 2 0/lb dry air H f = 61.77-0.4 = 61.37 Btu/lb dry air 


Overall 



— 

0.0292 

lb H 2 0/lb dry air 

74 

0.0031 


H 2 0 evaporated = 

0.0261 

lb H 2 0/lb dry air 


b. 


air used per ton dust - 


(1+0.0031) 


2220 


0.0261 



= 185,400 lb| 


moist inlet air 


per ton DW (continued) 




























Solutions Chapter 29 


Air out- ,0 ° 


2220 

_ Qlfl 1V - _ 1 J . * _ . 


0.0261 


- AV3U lb mol dry air out 


0,0292 


12220 



0.02611 


(18) 


= 138 mol H?Q out 


3068 total mol out 


30681359 

oc 

| 

I 

492 


= | 1,300,000] 


ft 3 wet air exiting/ton DW 


Air Recirculated 


R = lb air added at mixing point before kiln 


W ater balance : (0.0031) (1) + (0.0292) (W) = (0.0075) (1+W) 


0.0292 W 
- 0.0075 W 
0.0217 W 


R 


0.0044 

0.0217 


= 0.203 lb 


0.0075 

- 0.0031 

0.0044 


Recirculation = 


0.203 

100 

1.203 



* = fl6.8%l of gas out is recirculated 
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Adiabatic operation removes 425,000 Btu/hr from the process. 
Basis: 1 hr 

The energy balance is AH = 0 overall, 
a. For the process: 


T wb -100*f1 

T Dn =234°Fj 


Rtf’= 1.3% 


b. Temperature leaving the cooler is 61 °F (dew point constant W) 

c. 


(continued) 
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AH - (72 - 27)Btu/lb BDA = 45 


425,000 Btu 


hr 


1 lb BDA 


45 Btu 


= i94S0 BPA/hFl 
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30.1 

To variables (2 steams + Q) 2 (c + 1) + l = 
Constraints 

indept. material balances 
energy balance ]_ 

Net d.f 

y 9 

2c + 5 

c 

c + 1 
c + 4 

30.2 

L - 5 


— > V 

Total variables (2 streams + Q) 2 (c + 2) + 1 = 2c + 5 

Constraints 

indept. material balances 

c 

energy balance 

i 

c + ] 

Net d.f 


c + 4 

Conventional specifications of variables are the entering stream (c + 2), and the 

temperature (1) of the exit stream. In some instances Q (1) may be specified rather than 
the outlet temperature. 
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30.3 




T 


_Vl_±Lb._ 

Assume the feed is a single phase stream not the same as any of the other streams. 


Total variables (5 streams + Q) 
Constraints: 

Indept. material balances 
Energy balance 1 
Equilibrium relations c 
T same in each phase 1 
p same in each phase 1 
Net d.f. 


5 (c + 2) + 1 = 5c + 11 
c 


2c+ 3 

3c+ 8 


30.4 


Fuel 


CHjj 


At> 

J loo ■y 


l^00°F 


Flue 
C&2)Cj 


IS.. 


The components are 6 : CH 4 , CO 2 , CO, HjO, N 2 , 02 . Hence, the total no, of variables is 
for 3 streams + Q 3 (4 + 2) + 1 = 19 


We can reduce these variables by 


Note: the true number of 

phase rule components = 4 (continued) 
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(1) Material balances (C, H, O, N) 4 

(2) Energy balance l 

(3) Concentrations of component specified in 

fiiel 3 

air 2 

flue gas 0 


(4) Specification of % excess air (stream flow) 1 

(5) Specification of 3 temperatures 3 

14 

19-14 = 5 

Three pressures must be specified and one extensive variable: feed, air, or flue gas. The 
last variable would be the ratio of CO to CO 2 * 


30.5 

Each stage has 2c + 6 variables. Hence, there are N (2c 6 ) variables + 1 for the 

decision as to the value of N. There are 2 (N - I) interstreams and thus 2 (N - 1) (c + 2) 
restrictions as streams are combined. 

D.f. = {N (2c + 6 ) +1} - {2 (N - 1) (c + 2)} = 2c + 2N + 5 

The variables to be specified might be 


pressure in each stage N 

Q in each stage N 

F in each stage c + 2 

S in each stage c + 2 

N in each stage 1 


2N + 2c + 5 
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30.6 

Assume phase equilibrium exists, if more than one phase occurs. With r reactions, we 
have § 1 , £2 Rvalues specified. 



fr-H Spt&j-f^tTws 

We trade r equilibrium relations for the r extent of reactions, and the degrees of freedom 
are C + 2 - (r + 1) = C ~ r + l 


30.7 

24 variables - (3) (5) equations = 9 less 4 specifications 

= 5 more specifications 

(the equations are energy, mass, equlibria.) 


30.8 

a. A set of differential equation can be written for each stage for each component 
(and total material). 

For the steady state, you can write overall balances 
total mass balance 
NH 3 balance 
H 2 O balance 

sum of mass fraction balances for F, D.B 

If a basis is picked, such as F - 100,2 unknowns exist, D and B, and two 
independent equations exist; hence the system is determinate. (continued) 














Solutions Chapter 30 


For the sequence of stages, each stage would have; 

total material balance 

component material balances 

equilibrium relations 

sum of mass (mole) fraction relations 

In total, there would be 6 independent equations and 8 unknown variables on the 
top stage. The bottom stage would have 7 independent equations and 7 
unknowns. Starting at the bottom, each successive stage would be determinate 
until the top was reached. Without equilibrium relations holding and without 
knowing enthalpies as a function of concentration, the number of unknowns 
would excess the number of independent equations. 

Examine unit 1 in as much as no feedback of information occurs, [f unit 1 is not 
determinate, the entire system will not be determinate. The balances for unit 1 are 


total 
alcohol 
inerts 

equilibrium 

y b +y,. = o.9oJ 
The unknowns are 5 


4 independent equations 


Vli S 0 , yi 0 „ yia 

Thus, the subsystem is not determinate. 


3(1.9 

N v = 3 (5 +2) 

N r : 


21 


Material balances 5 

Vapor-liquid equilibria relations 4 

(One pair, X35 - K5X25, is known 


(continued) 


Solutions Chapter 30 


and redundant.) 

T's and p's are equal 4 

Specified values of variables 
(Fh M 1 , xj 2 > X 13 . X 14 , T, p) 7 20 

1 = d.f, (under specified) 


30.10 

Four of the material balance equations are redundant (3 or 13, 8 or 12,9 or 16,14, or 15), 
hence there are 27 independent equations and 34 variables yielding 7 degrees of freedom. 
Certain of the process variables must be specified, namely the temperatures of the 
entering streams (Ti, T 4 and T^), and the flow rate and composition of the exit stream 
which must meet preset values thus fixing the values of F 7 , xt, 7 , X2/7, X3 j and X4/7. 
However, only three of these four exit mole fractions are independent (because the 
summation of mole fraction must be unity) and may be specified. Therefore, all of the 7 
degrees of freedom are absorbed by the specifications. Thus the problem is properly 
specified, and can be solved by one of the techniques cited in Appendix L given a set of 
values for the coefficients Q, ,A, U, and pi plus the values of the 7 specified variables 


30.11 

Refer to the literature for the analysis. See R.H. Cavett, Proceed . Am. Petrol 
Inst. 43,57(1963). 
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30.12 



Unit Equations Stream Variables Unit Parameters 


Mixer 5 9 

Reactor 5 5 

Cooler 8 8 

Valve 5 5 

Flash 10 5 

Bleed 10 5 

Compressor 5 5 


0 

3 

1 
1 
1 
1 

2 


Streams Leaving 

Cooling Water 
Product 
Bleed Stream 


Stream variables 

3 

5 

5 
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Total Equations 

48 

Stream Variables 

55 

Unit Parameters 

9 

Total Variables 

64 

The flowsheet has 



64 - 48 * 16 degrees of freedom 
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31.1 


20%H A 50 V 
?0'/. H a 0 “ 

U*C (ITSVF) 

5*.iuotei rteuxv 
400 fc&. 

afl 5 =2?5f.|feTA}. 


Basis: F - 100 kg 





HjO (100 s /.) ViPc. 
5u^trheAicJ v^r 

£»!£? 

/Jfips -vv.f* 


5ecW*tti. Condensate 
4>H^60*:5 kTlk*. 


Data 


W (interpolating from SI steam tables) 


kl 

AH V =2644.0— 4 
kg 


(2738.8 -2644.0)— (394 -350)K 

-^- =2727 4— 

(400-350)K ’ kg 


F 


AH = 

P 

AH 


62.5 Btu| 1.055 kj| 

| 1 lb 

lb 

1 Btu i 

10.4536 kg“ 

-19.0 

Btu| 1.055 kJ| 1 lb 

lb 

1 Btu 

10.4536 kg 


.kJ 
>— 
kg 


= -44.19— 
kg 


Unknowns: W, P, S - C 

B alances : H,S0 4> H,0 (or overall), energy 
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H?SOa Balance: 


F kg Feed 

20 kg H,S0 4 P kg Product! 

80 kg H,SO, 


100 kg Feed 

1100 kg Product 


0.2(100 kg) = 0.8 P 
P-25 kg 


Overall Mass Balance : 

Fkg feed + $kg steam ~ Wfcg vapor + Pkg product + Ckg condensate 

F + S-W + P + C 
F = W + P 

(100 kg) - W + 25 kg hence W — 75 kg H 2 O vapor 
Overall Energy Balance Reduces to (Open System. Steady State! : 

AH = 0 


m (AHc -■ AH§) + (mwAHw + m p AH p - mpHp) - 0 

m 1(604.3- 2738.1 )kJ | 75 kg 12727.4 kJ 25 kg | ~44.19 kJ 100 kg | l45.36 kJ 

I kg I kg + I kg I kg 


-2,133.8 m kj/kg + 204,555 kJ - 1,104.75 ki - 14,536 kJ = 0 


188,914.751 kJ 

100.0 kg feed 


88.5 kg steam 


-1,129.5 kg feed 


31.2 

T 3 - 109.34°F 
T 4 - 86.44°C 


(continued) 
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F 3 Components lb mol/hr 

A 143.01 

B 58.78 

C 35.78 


31.3 

Basis: 1 hr 
Eqn. No. 

(1) Turbine Material Balance 

A ~ B +C 

(2) Turbine Energy Balance 


1482A -1406B-1164C Bti 

i| ^ hp 

hr 

I2.55 X IO J Btu/hr 


20,000 - (B/30) + (C/ 8 ) 

(3) 600-psi Material Balance 

B = 100,000 + 100,000 + D + 30,000 
B = D +230,000 

(4) 50-psi Material Balance 
F + D + 30,000 - E 

(5) 50-psi Energy Balance 
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1,380 D + 30,000 (1,300) + 218 F - 1,210 E 


( 6 ) Deaerater Material Balance 


E + C + 200,000 = A + F 


(7) Deaerater Energy Balance 


1,210 E + 68 (C + 200,000) - 218 (A + F) 


There are 7 eqns. and 6 unknowns. 


Combine (4)&( 6 ): A-C - D- 230,000 

(8) 

w (4) & (7): 218 A - 68 C - 218 D - 992 E - 20,140,000 

(9) 

rt (4) & (5): 1162 D + 32,460,000 = 992 E 

( 10 ) 

Combine ( 8 ) & (t): B - D = 230,000 

(H) 

'* (9) & (1): 218 (B + C) - 68 C - 218 D - 992 E - 20,140,000 

( 12 ) 

11 (10) & (12): 218 B + 150 C - 1380 D = 52,600,000 

(13) 

Solving eqns. (2), (11) & (13) simultaneously: 


B- 240,266 Ib/hr 


C = 95,929 Ib/hr 


D- 10,266 lb/hr 


Substituting D in eqn. 10: E = 44,747 Ib/hr 


D & E in eqn. 4: F * 4,481 ib/hr 

” B & C in eqn. 1: A = 336,195 Ib/hr 
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31.4 

A calciner presents a classic choice between air preheat and waste-heat boilers. The goal 
is to reduce the consumption of natural gas, Only about the 50 x 10 6 Btu/hr are being 
absorbed into the process. A rough calculation gives 

(Btu/hr)( 10 “ 6 ) 


Feed heating: 200,000 x 0.5 x (500 - 200)°F =* 25 

Water vaporization: 20,000 x 970 = 19.4 

Water heating: 20,000 x 0.5 x ( 1,000 - 500) - 5,0 

Total 49.4 


About 150 x 10 6 are available in the fuel. 

Preheating the air 

Preheating the air to 560°F will cool the flue gas to about 500°F, and no condensation 
should occur. The duty of the preheater would be 400,000 x 0,24 (560 - 60) - 48 million 
Btu/hr. The exhaust flue gas from the air preheater could be used to generate steam or to 
preheat feed (in a direct-contact fluid bed, for example), and the product solids might also 
be put to use. Either holds the potential for another 20 million Btu/hr savings if a sue can 
be found for the recovered steam or heat. 

Waste heat boiler 


About 52,000 lb/hr of630-psig steam could be generated. This could be used to preheat 
the feed and perhaps do some of the water vaporization, but his amounts to replacing the 
calciner-a high-capital-cosi route. The steam could also be used to preheat the 
combustion air to about 450°F. This would utilize 400,000 x 0.24 x (450 - 60) = 37.4 
million Btu/hr. 

Capital costs of the respective equipment must be considered. Usually the capital 
cost for air preheat systems are less. In addition, credits are surer, since fuel is conserved 
directly. The value of the heat saved does not depend on the overall site steam balance. 

On the other hand, steam is more flexible and far more portable than large volumes of hot 
gas. Preheated combustion air changes the combustion characteristics and the Tadiant- 
heat distribution of a furnace and can increase emissions of nitrogen oxides. The addition | 
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of hot-air ducts can sometimes cause access problems under a furnace and may in fact j 

become uneconomical for furnaces with a large number of wall burners. 

-——-_J 

31.5 

Basis: 1 g mol CaCC >3 

CaC0 3 CaO + C0 2 

AH° f ( k Cal "! -288.45 -151.9 -94.052 

\g mol ^ 1 

A H°Rxn= 1 (-151.9)+ 1 (-94.052)- 1 (-288.45) = 42.50 k cal/g mol CaC0 3 

= 177.8 kJ/g mol 

Basis: 1 g mol CH 4 

CH 4 + 20 2 -> CO 2 + 2H 2 0 

AH° 1"- Cal ) -212.80 0 0 0 

vg mol/ 

AtTRx,, = -H-212.80] = -212.80 k cal/g mol CH 4 
= -890.36 kJ/g mol 

—^ CaO at 900°C 
—^gasat25°C 

Energy balance : 

Q + W ~ —AH or AH - 0 Ref. T = 25°C Q = 0, W = 0(continued) 


- 

at 25°C 
gas + air - 

at wr 
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Basis: 1 g mol CaCC >3 


AH CaO 


111 J 

(900 - 25)°C 

(g <nolX°C) 



=97.125 kJ/g mol CaCO 


Let X be the g mol CHVg raol CaC 03 
CaO gases CaCC >3 gas air Reactions 

[(i)(97.125) +0]- [0+ 0+ 01+ [(l) (177.8)+ X (-890.36)3 = 0 

X = 0.309 g mol Cftyg mol CaC 03 


1 g mol CaCO* 

100 g CaCO, 

1 g mol CH 4 

10 3 

0.309 g mol CH 4 

1 g mol CaC0 3 

16 g CH 4 

10 3 


20.2* 


kg CaC0 3 
kg CH 4 


31.6 

Basis: 1 hr 
Material balance 


In 

lb 

Out 



lb 



Salt (16,000) (.07) 

Water 16,000-1,120 

= 1,120 

= 14,880 

Salt 

Water soln 1,120- — 

0.4 

= 1,120 

= 1,680 



Water evap. 14,880- l ,680 

= 13,200 

(a) Energy balance 

Basis: 

180°F, liq. H 2 0 


la 


Btu 


7% Solution = (0.92) (16,000) (T 

-180) = 14,720 (T-180) 
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Steam AHvap =( 15,000) (959) = 14,400,000 

Liq. H 2 0 = (15,000) (1.0) (230 - 180) = 750,000 

15,150,000 + 14,720 (T-180) 
Out 

H 2 0 vapor AH vap =(13200) (990) = 13,070,000 

Condensate = 15,000(230- 180) = 750,000 

Cone, salt soln = = 0 


13,820,000 


15,150,000 + 14,720 (T - 180) = 13,820,000 
T = 90°F 


The above analysis ignores the heat of solution effects as the NaCI becomes more 
concentrated. 

(b) 2,800 lb 40% NaCI produced/hr _ 





















*ryy balance around heal exchanger I outlet and overhead vapor and reflux from II: 


Reference temperature — )72°F 


Feed to 11 

In 

1 667(0.85)(176 - 172)*= 5,650 

Affupofiiniwai«i« ti ni*r 

Vapor 

Out 

4200(0.72X172 - 172) 4 4200(650) = 2.725,000 

Reflux 

Steam 

41667(675) - 1,125,000 

3150(0.72X160 ~ 172) - -27,200 

AJfs* 

Bottoms 

617(1.0)(210- 172) - 23,400 


A ff s . 4 1,103.450 


2,748,400 


A H St 4 1,103,450 - 2,748,400 
A H s , -r 1,645,000 Btu/hr 


i tat energy input into system: 

A Hst 4- A/fjr, 4- steam heater 


4.842,000 4- 1,645,000 4 1.125,000 - ?.6l2,00QBlu/hr 


-© 


tergy balance on condenser I: 


fv = lb H 2 Ofhr; Reference temperature ^ 176°F 


In 

6667(0.85X176 - 176) 4 (6667)(67S) 
taHiO W{\ .0X80 - 176) 


4,500,000 
_ -961V 

-961V 4 4,500,000 


Out 

Condensate 6667(0.85X176 - 176) *= 
Cooling H 2 0 14(1.0X150 - 176) - 


SOW — 4,500,000 or W = ^ 5 ‘^ 000 - 90.000 lb HjO/hr 


90,0001b HiO/hr 

8.345 lb/gal 


- 10,800 gal KiO/hr 


■© 


0 

—46fV 
- 4 6W 





































vice on condenser II; 


W = lb HaOyiir; Reference temperature ~ 172°F 


In Out 

4200(0.72X172 — 172) + (4200X650) = 2,725,000 Condensate 4200(0.72X160 - 172) -36,000 

>F(1.0X80 - 172) =-_ -921V Cooling H a O >F (1.0X172 - 130) -_ -42W 

-92W + 2,725,000 -42W - 36,000 

W* 2,761,000 or fV = ^2^299 x= 55.200 lb H 2 0/hr 

3 4^w 5 “ 6620 * iJHi0/hr< -© 


once on heat exchanger II.* 

W *= lb HjO/hr; Reference temperature — 80*F 


In 

1050(0.72X160 - 80) 

« 60,500 

Product 

Out 

1050(0.72X100-80) = 

15,120 

IFd .0X80 - 80) 

- 0 

Cooling HzO 

1^(1.0X130 - 80) = 

5QJV 


60,500 

50 ff' + 15,120 = 60,500 



50IF 4* 15,120 


W — 907 lb HiO/hr or 109 galHaO/br-e-® 


Phase 2: Energy Balance* 

(a) Energy balance ott heat exchanger III (Fig. E5.15b): 



e333u>|r=?f 


100001 b 

Hiot fxctwnpar 

jQjOOOlb 

80*F 

U2 

»70*F 


8533 tt>1210Y 



Bottoms 

Ffc.E5.15b 


Rtftrtnct 

Temperature 

*8Q*F 


In Out 

Feed (10,000X0.96X80 - 80)= OBtu Feed (10,000X0.96X170 - 80)= 864,000 Btu 

Bottom* (8333X1.0X210 - 80) - 1,084,000 Btu Bottoms (833X1-0X7*“ 80) ~ (8333F - 666.000) Btu 

1,084,000 = 8333r - 666,000 + 864,000 
886,000 - 83337 

T = 106.5°F <-<§> 

(b) Energy balance around heat exchanger 111 inlet t and overhead vapor and reflux line from l: 


Reference temperature = 176 a F 


In 

Feed 10,000(0.96X80 - 176) — -921,000 

Reflux 5000(0.85X176 - 176) - 0 

Steam _ AIf Sl 

AJI Sl - 921,000 


Out 

Bottom* to 

vanillin plant 8333(1,0X106.5 - 176) 

Vapor 6667(0.85X176 - 176) + 6667(675) 


-579,000 

4,500,000 


3,921,000 


AU St - 921,000 «* 3,921,000 
AH Sl = 4,842,000 Btu/hr 
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Solutions Chapter 31 


31,8 



(a) Compute heat of reaction for C 7 H j 6 ( ) -> C 7 H8( 

) + 4H 2 (g) 

AH° f (kJ/g mol): -224.4 +12.00 

0 

mol. wt.: 100 

92 

2.016 

A fi°Rxn = 12 -00 - (-224.4) = 236.4 kJ/g mol heptane 


Basis: 100kgn-C 7 Hi6 



Material balance: 




kg 

kg mol 

In: n-C 7 H |6 

100 

1.00 

Out: toluene (LOO) (0.15) (92) = 

13.8 

0.15 

H 2 ( 1 . 00 ) (0.15) (4) (2.02) - 

1.21 

0.60 

n-C 7 H i6 (100) (0.85) = 

85.0 

0.85 


100.0 


Energy Balance on reactor: AH prf >H - AHrean + AHr™ = O 




y 

AH In: n-C 7 H l6 vapor 100 (1. 88 ) (425 - 98.6) 


61,360 
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AH vap at 98.6°C ( 100 ) (318) 31,800 

n~C 7 Hi 6 liquid 100 (2.13) (98.6 - 25) 15.680 




108.840 

n-C 7 H |6 vapor 

85.0(1.88) (425-98.6) 

52,160 

AHvap ut 98.6°C 

85.0(318) 

27,030 

n-C 7 Hj 6 liquid 

85.0 (2.13) (98.6-25) 

13,330 

Toluene vapor 

13.8(2.30)(425- 110.8) 

9,970 

AH vap 110.8°C 

13.8 (364) 

5,020 

Toluene liquid 

13.8(2.22)(110.8 - 25) 

2,630 

H 2 (g) 

0.60 [29.2 (425 - 0) - (28.7) (25.0)] 

7.410 



1I7.S50 


AHr™ = (1000) (236.4) (0. i 5) - 35,460 kJ 

Q= 117,550- 108,840 + 35,460 = 44,170 kJ/100 kgn-heptanefed 
(b) Energy Balance on extractor (ref. 25 °C) 




y 

n-C 7 Hi 6 

85 (2.13) (18-25) 

-1,267 

toluene 

13.8 (2.22) (18-25) 

- 215 

solvent 

138 (1.67) (38-25) 

2*996 



L514 


(continued) 












Solutions Chapter 31 


Out: n*C 7 Hi6 

85 (2.13) (T-25) 

toluene 

13.8 (2.22) (T - 25) 442.15 (T - 25) 

solvent 

138 (1.67) (T- 25) 


Heat of Solution ; (-23 kJ/kg) (13.8) -317 

AHp r(K } - AH rc act + AH S0 ln “ 0 
442.15 (T - 25) - 1,514 + (-317) - 0 
T = 29.I4°C 

(c) Energy Balance on heat exchanger : (ref. 29.14°C) 

(Assume fresh solvent is negligible in quantity.) 

y 


In: toluene 

13.8 (2.22) (29.14-29.14) 0 

solvent 

138 (1.67) (29.14 - 29.14) 0 

solvent 

138 (1.67) (120-29.14) 20,940 

20,940 


Out: toluene 13.8 (2.22) (T - 29.14) 


solvent 

261 (T-29.14) 

138(1.67) (T-29.14) 

solvent 

138 (1.67) (38-29.14) 2,040 


2,040 + 261 (T-29.14) 

20,940 - 2040 + 261 (T-29.14) 

T =I02°C 
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(d) Energy Balance on still : (ref. 111°C, i.e„ where AHvap for toluene is given) 

Assume the toluene vapor leaves at 120° C. 

kJ 


In: 

Solvent 

138 (1.67) (100-111) 

-2,535 


toluene 

13.8 (2.22)(100-111) 

- 337 




-2.872 

Out: 

solvent 

138(1.67)(120-111) 

2074 


toluene 

13.8(2.30)(120-111) 

286 


2 m 

AHyap of toluene assuming all entering the still vaporizes: 

13.8 (364) 5023 

Q = AH = AHout - AHj n + AH vap 

- 2360 - (-2872) + 5023 = 10,260 kJ/100 kg 
- 103 kJ/kg n-heptane 


31.9 



Base temp. - 70°F 



a. Material Balance: 



Benzene: 

(100,000) (0.50)-50,000 lb 


Toluene: 

(100,000) (0.40)-40,000 lb 


o-Xylene: (100,000) )0.10) = 10,000 lb 

(continued) 
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Tower 1 : overhead = 50,000/0.96 * 52,100 lb Bz + toluene 
Residue: 47,9001b 

Tower: 2 residue = 10,000/0.99 “ 10,000 lb o-xyl + tol. 

overhead = 47,900 - 10,100 = 37,800 lb toluene 
Calculation ofTi 

heat exchanger: 

(175-70) (0.45) (52,100) = 2,460,000 Bru above 70°F 

( 7 $ _ 70 ) (0.45) (52,100) - 117,000 Btu in exit AH from tower 1 

heat lost = 2,460,000 - 117,000 = 2,343,000 Btu 

temp, rise = 2,343000/(0.46) (100,000) = 50.6°F 

Tj = 70 + 50.6 = 120 . 6 ’F 

bj. Tower I: 

AH content of stream: (100,000) (0,46) (185 - 70) - 4,830,000 

AH of reflux: ( 6 ) (2,460,000) = 14,740,000 

AH in (Btu) 19,570.000 

AH of residue: (220 - 70) (0.48) (47,900) = 3,450,000 

AH of liquid: (175 - 70) (7) (52,100) (0.45) 17,240,000 

AH of vaporization: (93.2) (1.8) (7) (52,100) = 61,400,000 

AH of vapor: (0.285) (179 - 175) (7) (52,100) 417,000 


Solutions Chapter 31 


AH out (Btu): 

82.507.000 

AH supplied by reboiler in tower t: 


82,507,000 - 19,570,000 = 62,937,000 Btu 


b 2 - Tower 2 


In: charge 

3,450,000 

Reflux: (6) (37,800) (0.30) (230 - 70) = 

10.880.000 

ht. in: (Btu) 

J4.33P.P9P 

Water used = 212,000 + 352,000 + 33,200 + 3550 


= 600,750 gal/day 


d. Heat Balance on Tower 1: 


charge: 4,830,000 cond: 61,857,000 


steam: 62,937,000 Bz + tol: 2,460,000 


residue: 3.450.000 


total CBtul: 67.767.000 = 67.767.000 


31.10 



An important question to consider before attempting to solve the material and energy 
balances in a process is the feasibility of the flow sheet. The specified variables and data 
must contain enough information to solve the mass and energy balances written for the 
components of the flow sheet, and in particular must not overspecify or underspecify the 
problem as whole or for any component by providing more or fewer know state variables 
than there are design equations. If the flow sheet contains recycle streams, verification of 
the necessary data can become quite involved. 

(continued) 
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The feasibility of the flow sheet itself is not determined solely by the given data 
and the energy and material balances of the system. One must examine the flow sheet to 
make sure that a solution is technically feasible, i.e., will the flow sheet produce the 
desired results or has something been overlooked (ignoring the fact that there are always 
problems in producing the desired results when actually building a process and trying to 
get it started.) Spotting mistakes is only partly an analytical process; it often requires 
familiarity with the units that make up the process and the materials that are being 
processed. 

In the problem presented one major mistake is readily identified by examination 
of the flow sheet. Heat exchanger number three is overspecified. The incoming cold 
stream A and the exiting hot stream B cannot both be at the same temperature. 

Another heat exchanger, using water as a coolant for B. is necessary. 


31.11 


from 

regenerator 

70Q°C 


38*C B 


to H.E.4 


H.fi. 3 


H«E. 3* 




cooling 

water 

25°C 




from 38 *C 


Acid tower 


to oleum tower 
_ 


A more critical view of the process must examine what the water vapor in the gas does in 
the SO 3 adsorption process. SO 3 and water form a sulfuric acid mist that is almost 
impossible to absorb and is highly corrosive. 97% H 2 SO 4 is used as an absorbant in the 
acid tower precisely because it has an extremely low partial pressure of water vapor. Any 
acid mist formed would circulate through the process, not be absorbed, and corrode the 
equipment, eventually escaping with the cleaned stack gases, a more harmful pollutant 
than SO 2 alone. Thus one should be sure that no water can contact the SO 3 . 


Solutions Chapter 31 


Barring leaks, the only source of water to the process is the incoming stack gas which 
undoubtedly contains water vapor from the combustion process: 

Basis: 100 kg coal kg mol H2 

(5.2 kg H) ( "2 'kg'lfi )" 2 6 kg mo > H 2 
2.6 kg mol H 2 is equivalent to 

2.6 kg mol H 2 0 ” 47 kg H 2 O/IOO kg coal 

To check whether or not water vapor will be present in the stack gas, the weight 
fraction of the water vapor in the combustion gases can be assumed to be equivalent to 
the weight fraction of water vapor in saturated air at a given temperature, assuming the 
stack gas approximates air in composition. The total amount of stack gas per 100 kg of 
coai is: 

Basis: 100 kg coal 

76.6 kg C ^ = 6.4 kg mol C 

5.2 kg h( ^ = 2.6 kg mol H 2 

V 2 Kg Hj > 

2.3 kg S ~“ 0.072 kg mol S 

N and ash do not bum so that there is 90 kg of combusted material/100 kg coal. 
___ (continued) 
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Air required: 

C + 0 2 + C0 2 
H 2 + I/ 2 O 2 + H 2 O 
S + 0 2 + SO 2 


kg_ffl o) 

64 C 

1/2(2. 6 ) H 2 
0.072 S 

842 

-0.19 O? in coal 

8.23 mol 0 2 required from air 


8.23 kg mol 0? 

1 kg mol air 

29 kg air 


0.21 kg mol 0 2 

1 kg mol air 


-(1.18) 


y air 


1340 kg dry a 
90+ 1340 - 1430 kg 

0.033 


total weight of combustion gases - 90 + 11 
47 kfi 

weight fraction of water vapor - -~ 

1 1430 kg 

Thus, the weight fraction of the water vapor is approximately 0,033, even assuming the 
air used for combustion is completely dry. Saturated air, even at 60°C, has a partial water 
pressure of 1494 mm Hg. Then the weight fraction of water, assuming ideal gases is 


Pb.o 149.4 kg mol H 2 0 

1 kg mol dry air 

IW (760-149.4) kg mol dry air 

29 kg dry air 

1 18 kg H,0 0.15 kg HjO 

|l kg mol H 2 0 kg air 



Looking at the sorbent, the sorbent-air and stack gas streams will mix. Some water vapor 
wiill enter the Regenerator. If only 0.1% of the water vapor reaches the Regenerator 


4.7 x 10" 2 kg 


2.6 kg mol 

I kg mol H ? 0| 18 kg H 2 0 

8 

e 

2 

s. 

1000 kg mol jl kg mol H 2 0 


100 kg coal 
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4.7 X 10 - 2 kg H,0 

| 2000 kg |340 metric ton coal 

100 kg coal ] 

|l metric ton! 

hr 

“ 320 kg H 2 0/hr 


H 2 0 + SO 3 H 2 SO 4 , so that the equivalent sulfuric acid is 

320 kg H,0 

1 kg mol H 2 S0 4 

98 kg H,SO, kgH,SO, 

18 kg /kg mol H 2 0 

1 kg mol H 2 0 

1 kg mol H 2 S0 4 hr 

Thus, the flow sheet is not feasible unless the water vapor can be eliminated from 

entering the absorber. 



31.12 

a. (NH 4 ) 2 S 0 4 

(22)(500) - 

11,000 

Benzol 

(15X500) = 

7,500 

Toluol 

(5X500) = 

2,500 

Pyridine 

(3)(500) = 

1,500 

Phenol 

(5)(500) » 

2,500 

Naphthalene 

(7)(500) = 

3,500 

Cresols 

(20)(500) - 

10,000 

Pitch 

(40)(500) - 

20,000 

Coke (1500)(500) = 

750,000 

Gas 5,000,000 cu ft = 

199,670 

34 

— x 11,000 - 2830 lb NH 3 removed as (NH 4 ) 2 S0 4 

NH 3 -‘ 

— x 22 x500 = 3000 lb 

132 

b. Basis: 80°C=178°F 




(continued) 
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Primary tower 


Heat in 


xlO " 4 

Pitch 

20,000(.65)(5.25) 

- 6.83 

Cxesols 

10,000(.55)(219)+l 81+(.50)(306) 

= 4.54 

Toluene 

2^00(.53)(54)+155.9+(.35X471) 

= 0.87 

Benzene 

7,500(.30)(525) 

- 1.18 

Phenol 

2,500(.56)(183)+I62+(.45)(342) 

- 1.05 

Pyridine 

1,500(.41)(61,2)+193.5+(.28)(463.8) 

- 0.52 

Naphthalene 

3,500(0.282)(0.4)+64.05+(.40)(247.7) 



+ 136 + (.35)(277) 

** 1.39 



16.38 Btu 

Heat Out 



Pitch 

20,000(.65)(475) 

= 6.18 

Cresols 

10,000(.55)(219)+18! +(.50)( 104.2) 

* 3.54 

Toluene 

2,500(.53)(54)+155.9+(.3S)(70.1) 

= 0.52 

Benzene 

7,500(.30)( 124.1) 

- 0.28 

Phenol 

2,500(.56)( 183.6)+162+(.45)(41.4) 

- 0.71 

Pyridine 

1,500(.41 )(61.1)+193.2+(.28)( 163.9) 

= 0.40 

Naphthalene 

3,500(.282)(0.36)+64.05+(.40)(225) 

= 0.54 



12.17 Btu 

(16.38-12.17) x 10 6 

=4.21 x 10 6 Btu lost in primary tower 


Secondary tower 



Out 





xlO~* 

Benzene 

0 

- 0.00 

Toluene 

2,500(.53)(54)+l 55.1+(.35)(21. 6 ) 

0.48 



0.48 Btu 

In 
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Benzene 0.28 

Toluene JL52. .: Loss =(0.80-0.48)x!0' 6 

0.80 Btu = 0.32 xlO^Btu 

c. 2500 lb Phenol 

2500 = 26.6 lb mol 
94 


26.6 lb mol NaOH (100% solution) 
26.6 x 40 


H 


* 2660 lb 40% NaOH required 


C 5 H 5 N(MW^79) 

( (79)?5)' ) = 3720 ' b 50% H2S ° 4 


e 


f. 


Pyridine: H 2 SO 4 + 2 NaOH + Na 2 S 04 + 2 H 2 O + Pyridine 


( 1860\ 

J (142)^ 2700 lbNa 2 S0 4 

Phenol = (133) (142) = 1890 lb 
Total Na 2 S0 4 - 4590 lb 


( 10 , 000 ) (500) - 5,000,000 cu ft 
(500) (2000) (300) - 300,000,000 Btu 
300,000,000 


555 


= 540,000 cuft 


(continued') 
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% gas needed = 10.8% 

6 500,000,000 


31.13 


(GCOMP) 


INLET - FEED 


OUTLET = 


COM I 
S001 

OUTLET PRESSURE, PSIA - 100.00 OUTLET TEMP, DEG F = 282.22 

ISENTROPIC TEMP, DEG F * 324.40 ISENTROP1C HORSEPOWER- 276.2 
INDICATED HORSEPOWER = 223.6 BRAKE HORSEPOWER = 279.5 

DISPLACEMENT, CFH = 98957.1 VOLUMETRIC EFFICIENCY- .8912 


HEAT -HEATR 

S002 

OUTLET TEMP = 100.00 DEG F, 
DUTY = - 5683E+06 BTU/HR 


-INLET = S001 , 


OUTLET = 


PRESSURE DROP = 2.00 PS1 


COM2 (GCOMP) INLET = S002 OUTLET = OUT 

OUTLET PRESSURE. PSIA - 569.00 OUTLET TEMP, DEG F = 382.02 

ISENTROPIC TEMP, DEG F - 453.14 ISENTROPIC HORSEPOWER= 441.0 
INDICATED HORSEPOWER = 351.3 BRAKE HORSEPOWER - 439.1 

DISPLACEMENT, CFH = 33777.4 VOLUMETRIC EFFICIENCY- .8013 


STREAM NAME: 

FEED 

OUT 

S001 

S002 


LBMOL/HR 

LBMOL/HR 

LBMOL/HR 

LBMOL/ HR 

1 HYDROGEN 

418.000 

418.000 

418.000 

418.000 

2 METHANE 

22.0000 

22.0000 

22.0000 

22.0000 

TOTAL LBMOL/HR 

440.000 

440.000 

440.000 

440.000 

TOTAL LB/HR 

1195.61 

1195.61 

1195.61 

1195.61 

1000 BTU/HR 

301.37 

1195.92 

870.34 

302.06 

DEGREES F 

100.00 

382,02 

282.22 

100.00 

PSIA 

30.000 

569.000 

100.000 

98.000 

DENSITY, LB/FT3 

.0136 

.1684 

.0340 

.0442 

MOLE FRAC VAPOR 

1.0000 

1.0000 

1.0000 

1.0000 
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31.14 




50% Recycle 




STREAM NAME: 

BOTM 

FEED 

OVHD 

PROD 

RKCY 


LBMOL/HR 

LBMOL/HR 

LBMOL/HR 

LBMOL/HR 

LBMOL/HR 

1 METHANE 

.03163 

3.11682 

3.10100 

.01582 

.01581 

2 ETHANE 

.21331 

3.32579 

3.219)1 

,10666 

.10663 

3 PROPANE 

3.51170 

15.8752 

14.1188 

1.75585 

1.75531 

4 N-BUTANE 

10.8815 

[5.0000 

9.55772 

5.44074 

5.43919 

5 ISO-BUTENE 

13.1508 

21.0000 

14.4230 

6.57538 

6.57376 

6 1.3-BUl'ADJENE 

63.4611 

95.0000 

63.2610 

31.7305 

31.7*21 

TOTAL LBMOL/HR 

91.2500 

153.318 

107.681 

45.6250 

45.6128 

TOTAL LB/HR 

4964.56 

8038.45 

5555.51 

2482.28 

2481.62 

1000 BTU/HR 

-794.83 

509.26 

64.43 

-397.42 

-397.31 

DEGREES F 

41.00 

185.00 

41.00 

41.00 

41.00 

PSIA 

25.000 

100.000 

25.000 

25.000 

100.000 

DENSITY, LB/FT3 

38.9928 

.8313 

.2504 

38.9928 

38.9929 

MOLE FRAC VAPOR 

0.0000 

i.OOOQ 

1.0000 

0.0000 

0.0000 

STREAM NAME: 

S001 

SQ02 

S003 




LBMOL/HR 

LBMOL/HR 

LBMOL/ HR 



! METHANE 

3.13263 

.01582 

.01582 



2 ETHANE 

3.43242 

.10666 

.10666 



3 PROPANE 

17.6305 

1.75585 

1.75585 



4 N-BUTANE 

20.4392 

5.44074 

5.44074 



5 ISO-BUTENE 

27.5738 

6.57538 

6.57538 



6 1,3-BUTADIENE 

126.722 

31.7305 

31.7305 



TOTAL LBMOL/HR 

198.931 

45.6250 

45.6250 



TOTAL LB/HR 

10520.1 

2482.28 

2482.28 



1000 BTU/HR 

111.95 

-397.42 

-397.42 



DEGREES F 

126.20 

41.00 

41.00 



PSIA 

100.000 

25.000 

100.000 



DENSITY, LB/FT3 

0.0000 

38.9928 

38.9928 



MOLE FRAC VAPOR 

.8232 

0.0000 

0.0000 




25% Recycle 


(continued) 
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STREAM NAME: 

BOTM 

FEED 

OVHD 

PROD 

RECY 




LBMOL/HR 

LBMOL/HR 

LBMOL/HR 


LBMOL/HR 

LBMOL/HR 




1 METHANE 

.02109 

3.11682 

3.10100 

.01582 

.00527 

2 ETHANE 

.14225 

3.32579 

3.21911 

.10668 

.03556 

3 PROPANE 

2.34175 

' 15.8752 

14.1189 

1.75631 

.58543 

4 N-BUTANE 

7.25626 

15.0000 

9-55780 

5.44219 

1.81406 

5 ISOBUTENE 

8.76940 

21.0000 

14.4229 

6.57705 

2.19235 

6 1,3-BUTADIENE 

42.3184 

95.0000 

63.2612 

31.7388 

10.5796 

TOTAL LBMOL/HR 

60.8492 

153.318 

107.681 

45.6369 

15.2123 

TOTAL LB/HR 

3310.57 

8038.45 

5555.52 

2482.93 

827.642 

1000 8TU/HR 

-530.03 

509.26 

64.43 

-397.52 

-132.51 

DEGREES F 

41.00 

185.00 

41.00 

41.00 

41.00 

PSIA 

100.000 

25.000 

100.000 

25.000 

25.000 

DENSITY, LB/FT3 

38.9928 

.8313 

.2504 

38.9928 

38.9928 

MOLE FRAC VAPOR 

0.0000 

1.0000 

1.0000 

0.0000 

0.0000 

STREAM NAME: 

S001 

S002 

S003 




LBMOL/HR 

LBMOL/HR 

LBMOL/HR 



J METHANE 

3.12209 

.00527 

.00527 



2 ETHANE 

3.36136 

.03556 

.03556 



3 PROPANE 

16.4606 

.58544 

.58544 



4 N-BUTANE 

16.8141 

1.81406 

1.81406 



5 ISO-BUTENE 

23.1924 

2.19235 

2.19235 



6 1,3-BUTADIENE 

105.580 

10.5796 

10.5796 



TOTAL LBMOL/HR 

168.530 

15.2123 

15.2123 



TOTAL LB/HR 

8866.09 

827.643 

827.643 



1000 BTU/HR 

376.75 

-132.51 

-132.51 



DEGREES F 

137.17 

41.00 

41.00 



PSIA 

100.000 

25.000 

100.000 



DENSITY, LB/FT3 

.9260 

38.9928 

38.9928 



MOLE FBAC VAPOR 

1.0000 

0.0000 

0.0000 




No Recycle 

STREAM RECY IS ZERO 
STREAM S002 IS ZERO 
STREAM SO03 IS ZERO 
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STREAM NAME: 

BOTM 


FEED 

OVHD 

PROD 

RECY 


LBMOL/HR 

LBMOL/HR 

LBMOL/HR 

LBMOL/HR 

LBMOL/HR 

1 METHANE 

.01582 


3.11632 

3.10100 

.01582 

3.11682 

2 ETHANE 

.10668 


3.32579 

3.21911 

.10668 

3.32579 

3 PROPANE 

1.75631 

15.8752 

14.1189 

1,75631 

15.8752 

4 N-BUTANE 

5.44219 

15.0000 

9.55781 

5.44219 

15.0000 

5 ISO-BUTENE 

6.57705 

21.0000 

14.4229 

6.57705 

21.0000 

6 1,3-BUTADIENE 

31.7388 

95.0000 

63.2612 

31.7388 

95.0000 

TOTAL LBMOL/HR 

45.6369 

153.318 

107.681 

45.6364 

153.318 

TOTAL LB/HR 

2482.93 

8038.45 

5555.52 

2482.93 

8038.45 

1000 BTU/HR 

-397.52 

509.26 

64.43 

-397.52 

509.26 

DEGREESF 

41.00 


185,00 

41.00 

41.00 

185.00 

PSIA 

25.000 


100.000 

25.000 

25.000 

100.000 

DENSITY, LB/FT3 

38.9928 

.8313 

.2504 

38.9928 

.8313 

MOLE FRAC VAPOR 

0.0000 


1.0000 

1.0000 

0.0000 

1.0000 

31.14 







STREAM COMPONENT PLOW RATES - KG MOLS/liR 




STREAM ID 

i 

2 

3 

4 

5 

6 

NAME 

INLET GAS 






PHASE 

MIXED 

VAPOR 

VAPOR 

VAPOR 

LIQUID 

MIXED 

1 NITROGEN 

181.0000 

179.6106 

179.6156 

179.7343 

0.0087 

179.734J 

2 C02 

1920.0000 

1827.1284 

1827.1284 

1832.9626 

0.5458 

1832.9626 

3 METHANE 

14513.0000 

14117.3906 14117.3906 

14IU7J44 

2.3537 

14143.7344 

4 ETHANE 

9072.0000 

8010.3682 

3010.3682 

8064.8525 

5.8165 

80641325 

J PROPANE 

7160.0000 

5138.6318 

5138.6318 

5228.9082 

10.6500 

5228.9082 

6 (BUTANE 

770.0000 

399.4697 

399.4697 

41JJG9J 

1-7963 

413.3092 

7 BUTANE 

28100000 

1229.4946 

1229.4946 

1285.9678 

7.6706 

1285.9675 

8 (PENTANE 

953.0000 

239 5409 

239.5409 

262.0803 

3.3762 

262.0803 

9 PENTANE 

1633.0000 

339.8320 

339.8380 

379.3123 

61499 

379.3123 

10 HEXANE 

1542.0000 

129.1421 

129.1421 

165.9431 

7 0540 

165.9431 

11 BP135 

11975.0000 

93.9453 

93.9453 

154.5959 

65.6602 

154.5959 

I2BP260 

9072.0000 

0,2617 

D.2617 

0.0036 

0.2616 

00036 

13 BP500 

9072 0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

TOTALS 

70775.0000 

31704.8047 3I704.M47 

32111.3828 

111.5435 

32111.3828 

TEMPERATURE DEGC 

45.0000 

45.0051 

60.0000 

55.7191 

55.7191 

60.0000 

PRESSURE KPA 

450.0000 

450.0000 

1100.0000 

1100.0000 

1100.0000 

2600.0000 

H. MM KJ/HR 

462.6024 

330.9030 

349 0496 

351.7608 

0.6275 

332 5598 

MOLE FRACT LIQUID 

0.5522 

0.0000 

ooooo 

0.0000 

1.0000 

0.0080 

RECYCLE CONVERGENCE 

ooooo 

0.0000 

0.0000 

0.0000 

41.0060 

0.0000 

STREAM ID 

7 

a 

9 

10 

u 

12 

NAME 




COM PR VAPOR 


CONDENSATE 

PHASE 

vapor 

LIQUID 

MIXED 

vapor 

LIQUID 

LIQUID 

1 NITROGEN 

180.7536 

0.1279 

180.7536 

179.6042 

(-1493 

1.3931 

2C02 

1858.4001 

63981 

1858.4001 

1826.5083 

31.8919 

93.4211 

3 METHANE 

14283.7637 

28.7751 

14283,7637 

141)4.6504 

169.1123 

399.9786 

4ETHANE 

8223.9980 

60,4689 

8223.9980 

B004.0049 

219.9934 

1067.4871 

5 PROPANE 

5386.3184 

101.4202 

5386.3174 

5127.0469 

259.2706 

2132.2896 

6IBUTANE 

428.6809 

15.6834 

428.6B0S 

3975724 

31.1084 

372.3384 

7 BUTANE 

1335.0337 

64 3417 

1335.0334 

1221.4304 

113.6030 

1588.2261 

8 (PENTANE 

270.5154 

26.0022 

270.5154 

236.0146 

34.5007 

716.857! 

9 PENTANE 

388.9042 

45.7813 

388.9041 

333.4250 

55.4790 

1299.3508 

10 HEXANE 

157.5544 

44-0534 

157.5544 

121.7904 

35.7641 

1419.9502 

11 BP135 

58.9876 

126.3875 

$6,9376 

28.2576 

30.7300 

1(947.1621 







(continued) 
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12BP260 

0.0000 

0.0036 

0.0000 

0.0000 

0.0000 

9071.9930 

13 DP.W 

0.0000 

0.0000 

0.0060 

u.0000 

00000 

9072.0000 

TOTALS 

32572.8906 

519.4429 

32572.8906 

31590.2891 

982.6025 

39182.4453 < 

TEMPERATURE. DECC 

57.0693 

57.0695 

60.0000 

60.0000 

60.0000 

450051 

PRESSURE. KPA 

2600.0000 

2600.0000 

6200.0000 

6200.0000 

6200.0000 

450.0000 

! 

h.mmkj/hr 

335 5528 

3 3357 

270.3684 

264.0405 

6.3286 

132.4387 

MOLE FRACT LIQUID 

0.0000 

14)000 ' 

0.0302 

0.0000 

1.0000 

1.0000 

RECYCLE CONVERGENCE 

0.0000 

0.0045 

0.0000 

0.0000 

0 0023 

0.0000 

Heat duty: 







Exchanger No. 

O (MM kJ/hr) Temo. f 0 0 

Press. (kPa) 

1 


82.04 


60 

1100 


2 


120.33 


60 

2600 


3 


165.35 


60 

6200 



31.15 


STEAM ID 

NAME INLET GAS 

] 

2 

3 

41 

5 

6 

PHASE VAPOR 

MIXED 

MIXED 

VAPOR 

LIQUID 

MIXED 


1 NITROGEN 

291.9104 

211.9104 

211.9104 

198.0745 

138359 

13.8359 

2 methane 

1957.0227 

1957.0227 

1510.3052 

446.7177 

1957.022? 

446.7177 

3 ETHANE 

205 74W 

205.74H6 

205.7486 

55.7909 

149.9577 

149.9577 

4 PROPANF 

152.4361 

152.4361 

152.4361 

106024 

I4I.83J? 

141.8337 

5 IBUTANE 

26.5221 

26.5123 

26.5223 

0.6496 

25.8727 

25.8727 

6 BUTANE 

65.3680 

65 3680 

65 3680 

0.9780 

M.3B92 

64.3892 

7IPGNTANL 

18.4852 

18.4852 

114852 

0.0892 

18.3960 

183960 

8 PENTANE 

21.9679 

21.9679 

21.9679 

O.D724 

21.8956 

21.8956 

9 HEXANE 

tl.2519 

11.2519 

11.2519 

0.0000 

11.2433 

11 243) 

10 HEPTANE 

8.3050 

f 1.3050 

11.3030 

0.0014 

8.3036 

1 1.3036 

TOTALS 

3679.0156 

2679.0156 

1776.5720 

903 4447 

2679.0156 

902.4445 

TEMPERATURE. DEC f 

120.0000 

7.4668 

84.0000 

-84.0000 

-84 0000 

-134.7)04 

PRESSURE. PSKi 

588.0000 

578.0000 

573 000(1 

573.0000 

573.000U 

125 0000 

H. MM BTU/HR 

4.9855 

-0 2978 

-5.3106 

-2/4487 

-2.8619 

-2.8619 

MOLE FRACT LIQUID 

o.oooo 

0.1135 

0.3369 

0.0000 

1.0000 

0.6545 

RECYCLE CONVERGENCE 

0.0000 

0.0000 

0-0000 

0.0000 

0.0000 

0.0000 


STREAM COMPONENT FLOW RATES - LD MOLS/HR 


stream ID 

7 

a 

9 

10 

11 

3% 

NAME 

PHASE MIXED 

VAPQR 

LIQUIDS 

LIQUID 

RESIDUE 

VAPOR 

VAPOR 

MIXED 


1 NITROGEN 

198.0745 

211.9109 

ooooo 

211.9109 

211.9109 

211.9104 

2 METHANE 

1510.3052 

1952.R789 

4.1493 

1952.8789 

1952.8789 

1957.0227 

3 ETHANE 

55.7909 

304285 

175.3177 

30.4285 

30.4285 

2DJ.748S 

4 PROPANE 

10.6024 

0.4553 

151.9786 

0.4553 

0.4553 

152.4361 

5IBUTANE 

0.6496 

0.0040 

26.5179 

0.0040 

0.0040 

26.5221 

6 BUTANE 

0.9788 

0.0025 

65.364? 

0.0025 

0.0025 

65.3600 

7IPENTANL 5 

0.0892 

0.0000 

18.4849 

0.0000 

0.0000 

18.48?' 

8 PENTANE 

0.0724 

0.0000 

21.9676 

0.0000 

0,0000 

21.9679 

9 HEXANE 

00086 

0.0000 

11.2517 

ooooo 

0,0000 

11.2519 

10 HEPTANE 

0 0014 

ooooo 

8.3048 

0.0000 

0.0000 

8 3050 

TOTALS 

1776.5720 

2195.6792 

483.3371 

2195.6792 

2195.6792 

2679.0156 
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TEMPERATURE, DEC P 
PRESSURE PSIC 
U, MM BTU /HR 
MOLEFRACT LIQUID 
RECYCLE convergence 


-174.6592 -170.2356 24.8966 110.0000 156.7539 -84 0006 

123.0000 125 0000 125.0000 120.0000 1604095 573.0000 

-3.4297 -3.7743 -0.1439 15090 2.3917 -53105 

0.0622 0.0000 1.0000 0.0000 0.0000 0.3369 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 


SUMMARY OF HEAT EXCHANGE UNITS 
5 UNIT E1 , GAS-GAS EX , IS A HEAT EXCHANGER 


OPERATING CONDITIONS 



DUTY, MM KJ /HR 


5.57417 

WEIGHTED LMTD, DEG K 


30.087 

F FACTOR 


1.00000 

MTD,DEG K 


30.087 

U ♦ A, KJ /HR DEG K 


185265.594 

HOT SIDE CONDITIONS 

INLET 

OUTLET 

FEED(S) 

1 


MIXED PRODUCT 


2 

VAPOR, KG MOLS/HR 

1215.1807 

1077.3076 

M KGS/HR 

27.3531 

21.1992 

CP, KJ /KG - DEG K 

2.2837 

2.3829 

LIQUID, KG MOLS/HR 

0.0000 

137.8730 

M KGS/HR 

0.0000 

6.1539 

CP, KJ /KG - DEG K 

0.0000 

2.3937 

TOTAL, KG MOLS/HR 

1215.1807 

1215.1807 

CONDENS VAPORIZATION, KG MOLS/HR 


137.8730 

TEMPERATURE, DEG K 

322.039 

259.520 

PRESSURE, KPA 

4155.435 

4086.487 

COLD SIDE CONDITIONS 

INLET 

OUTLET 

FEED(S) 

8 


VAPOR PRODUCT 


10 

VAPOR, KG MOLS/HR 

995.9431 

995.9431 

M KGS/HR 

17.3280 

17.3280 

CP, KJ /KG - DEG K 

2.1518 

2.1288 

LIQUID, KG MOLS/HR 

0.0000 

0.0000 

M KGS/HR 

0.0000 

0.0000 



(continued) 
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CP, KJ /KG - DEG K 0.0000 0.0000 

TOTAL, KG MOLS/HR 995.9431 995.9431 

CONDENS(VAPORlZ)ATION, KG MOLS/HR 0.0000 

TEMPERATURE, DEG K 160.797 316.483 

PRESSURE, KPA 963.163 928.694 

HEAT EXCHANGER ZONE ANALYSIS 
DELTA T AT COLD 

INLET, OUTLET, LMTD, -DUTY- TOTAL 

DUTY 

ZONE DEGK DEG K DEGK MM KJ /HR PERCENT MMKJ/HR 

1 98.72 80.44 89.27 1.073 19.26 1.073 

2 80.44 61.43 70.51 1.073 19.26 2.147 

3 61.43 42.58 51.43 1.073 19.26 3.220 

4 42.58 24.59 32.77 1.073 19.26 4.293 

5 24.59 7.86 14.67 1.073 19.26 5.367 

6 7.86 5.56 6.64 0.208 3.72 5.574 
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32. J 


10 kg soln 

min 



:—^ 15 kg soln/min 


The amount of solution decreases at a rate of 15-10 = 5 kg/min By an overall balance, 
the amount of solution after t min is 

(100-5t)kg 

Let x = kg of salt per kg of solution in the tank after t min 
x( 0) = 0.60 

Then d//dt = rate of change of the concentration in the tank. Salt balance at any time t 
Accumulation = In - Out 

(100-5t) ^ = (10) (0.1) — )$x 

Separating variables 

&X _ dl 
\-\5x 100-St 

Integrating from 0 to 10 min 

\ & dt 

^l-15jr-JlOO-5t 

(1-9) 100 


Solving: x — 2/15 


Solutions Chapter 32 


kg of solution after 10 min = 100-50 = 50 kg 
kg of salt in the tank « (2/15) (50) = [6.67kg 1 


32.2 

Assume: (1) Ideal gas law applies 

(2) Rate of inflow = rate of outflow 
Propane balance: Accumulation = Input - Output 


r* f » 3 


ft 3 


propane 


x ft 3 propane 


ft 3 mixture 


J (l500 ft 3 ) 


In 


0 ft 3 propanel 

30 ft 3 ! 

| At min 

ft 3 mixture | 

min | 


Out 


x ft 3 propane 

30 fit 3 

At min 

ft 3 mixture | 

| min 



o.oi 

1500 J — = -30 fdt 1500 1 nxl?' 01 = -30til 
1 x 0 


It = 230.5 mini 
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32.3 


2 gal/min 


0 uo 2 

* 100 gal H 2 0 


2 lb UO 2 /100 lb H 2 Q 


2 ^g al/mii> 


Ignore volume changes as the slurry concentration changes, and assume UO 2 in the H 2 O 
does not change the density of the solution from that of water. The independent variable 
is t * time; dependent variable is x - ib UO 2 in tank/lb H 2 O in tank. 


At t - 0, x m 0 


Material Balance on UO 2 in At: 


In 


2 gal 

18.33 lb H,o| 2 lb UO, 

At min 

min 1 

1 gal HjO |100 lb H 2 0 



Out 


2 gall 

18.33 lb H,o| 

lx lb UO, 

At min 

min 1 

1 gai HjO 1 

lb H 2 0 



Accumulation 

x lb UO 2 jS00 lb H,O l _ x Ib UOJSOO lb H,Q 
lb H 2 0 I L, lb HjO I 

t = |afc = t- ,n I (0 02) - X 2 | X = 0.0173 lb UO ; /ibH ]Q] 
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32.4 



Assume: 

(1) Ideal gas law applies 


(2) Rate of inflow = rate of outflow 

O 2 balance: Accumulation - Input - Output 

r K m 3 O, 1 

x m 3 O, 

Y 94 m 3 free vol |200 m 2 ') 

|_m 3 mixture^ 

t+At m 3 mixture 

JUOO m 3 reactor vol| } 

0 m 3 O, 

20 m 3 |At min 

x m 3 0, 20 m 3 At min 

- 3 

m mixture 

min | 

m 3 mixture min 

0.001 . 

188 f 

0.210 x 

t 

* -20 Jdt -> 188 1 nxlg'^ => -20 dj, 

0 



It = 50.3 mini 


32,5 


Vi - initial volume 


= (4/3) (nfi = (4/3) (rc) (10)3 = 4190 (ft)3 


V 2 = final volume 


- (4/3) (*) (9.5)3-3590 (ft ) 3 


(a) At constant pressure: 

(continued) 
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It = 120 mi I 


(b) Assuming the rate of escaping is proportional to the volume and initially at 

5(ft) 3 /min. 

dV 5 

V =KV;5 = KVi=4190KorK=-^- 
dt 4190 


= -L. L 

„ J V 4190 J 


4)901 


rfe)- 


858 I n — = 1131 mini 
3590 


(c) Not without another piece of information as the mass balance contains two 
unknowns, such a p and V. 


32.6 

Let the moisture content be w 

then, — = kw 
dt 


r * ■ 
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V 56.6 h J dh !• 

.hrn^-f-- 

I > SfiJfhJj + lao’ 1 V2h^ 

hi = 5m h 2 = (3V0.25) hi - 3.15 m 3 

/. t = -56.6 (3.15-5) + 79.9 (tair 1 4.45 - taiH 7.07) 

jt = 98 mini 

b. The rate of discharge at that time is: 

^ -0.02 <2+ h2) 

-0.02 (2 + (3.15)2)- lQ.24 m* /mini 


32.8 


20,000 gph 

0 lb organic 


initially 
75*000 gal 
60, 000 lb 
organic 


_jl5,000 gph 
x lb organic 
gal total 


(1) Overall Balance: 

Let y = total gal of mixture in the tank at time t (in hours) 

then & - 20.000- 15,000 = 5000 
dt 


Solutions Chapter 32 


jdy - 5000 J dt 

75,000 0 

y- 5000 (15 + t) 

(2) Organic Material Balance: 

LeU .JL2^. inthetank 

at time t. 

gal of mix 

Initially, x - 60,000/75,000 = 0.8 

Total amount of organic in the tank at time t is (yx) lbs. 

Then the rate of accumulation of organic will be d(yx)/dt, Ib/hr. 
Rate Accumulation * Rate in - Rate out 


^ =0-15,000 x 
dt 

y £ + x * = -.5,000 
dt dt 


-20,000x 


dx 

dt " 5000(15 + t) 
3 


f dx f 4dt 

|— = - - ; In 

Ax '15 +t 


0.8 


. 15 

n Ti 


0.8 '* 0 
x = 0.396 

The total wt of organic material in the tank after 3 hrs is: 
yx = (75,000 + (S000) (3)) (0.396) = 134,700 lbs| 


(continued) 
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Alternative Solution: 

If x = total lb of organic in the tank at any time t, then the concentration of 
organic is x/y. 

The balance becomes: 

dx 15,000 gaix lb 

dt hr y gal 


r dx c 15,000 dt 

' v J 500 O (15+0 


60.000 


1 X , , 18 

" 60,000 ~ ” 15 

X = |34,700 lb organic| 


32.9 


( 1 ) 


20,000 gph 


_1^,OOG gph 


Suspension Rate * K{10-x)ib/hr 

Overall Balance: Assuming the sludge does not affect the volume of the mixture 
in the tank, the overall balance will be the same as that in Prob. 7.8, i.e. y - 5000 
(15+t) gal. 


(2} Organic Balance: 

Let x «lb of organic in suspension per gal of total in the tank at time t in hours, 
z = lb of sludge going into suspension at time t. 

Rate of sludge going into suspension: 


1. «,.-»> 


Solutions Chapter 32 


H = 0 


y ~ 75,000 gal 


dz 


0.05 ib 

75,000 gal| 60 min 

(minXgaO 

1 hr 


= K(10) lb/gal 


10 6 
Rate of accumulation of organic: 

Rate Acc, - Rate in - Rate out 

=• £22,500(10-x)] - 15,000x 


dx dy 

=y 

dx __ 45 - 8.5x 
dt 15+t 


r dx _ 18 .5 dt 
0 J5.3-x " • 15 + t’ 


-In 


5.3- x 

5.3- 0.8 


8.5 



i 


Solving, x = 4.345 lb/gal 

The total weight of organic in the tank after 3 hrs is (90,000) (4.345) 
= (390)50 lbs] 


Alternative Solution: 


(continued) 
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Let x - lb of organic in tank at time t 
cone. -x/y, then 

~ = K(lO-x/y) - 15,000(x/y) 

dx 37,500x . 

— + —t = 225,000 


dt 5000(15+0 

^ + -12- = 225.000; = 

dt 15+ t dt 

(!5+0 75 x = (15+ t) 8S + c 

X = 26,500(15+t) + C(15+t) -7 - 5 


= 225,000(15+ t) 


when t = 0 , x - 60,000, and C - -338,000 (15)™ 
when t = 3; x = 27,500 (18) - 338,000 (15/18)™ 


32.10 

Let C, x, y = the number of moles of C, x, and y respectively at time t. 
(1) C balance: Cq - 1, initial moles of C 


£ „ - kC - 

dt ’ 


Jr = - k f* 

Co ^ 0 


In = -kt; C = C 0 e- to - e~ ta 
c o 


( 2 ) x balance: 
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32.11 

Mass balance: 

Accumulation = Input - Output 

d(pV) = 0 - [UiAj/xit + U 2 A 2 /xit] 

where V-^(| 2 ^[m 3 , A { = ^(2.5) 2 cm 2 , A 2 = x(5fcrh Z 

V = c^2gh, c = 0.61, g = 9.80 m/s 2 & h - height of H 2 O level from orifice 

H = height of H 2 O level from bottom 
h| = H-l & h2 - H-0.5 

Assume p is constant ThendV= 9ndH 

= -0.6lV2x9?80 (xxlO J ')[(6.25VH-l + 25VH-0.5)]lt 


-3.00xl0 ' 5 fdt = f- 7 dH — 7 =—=. 

jf ,{ 6.25VH-1 + 25VH-0. 


(continued) 
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-3.00xl0‘ 5 t = 


5 f_ dH 

] VH-1 + 25VH-0.5 


X 



25</h - 0.5 

2S-/HT-0.5 


U Vh~~I 25VH-0.5 1 

[((625 12)- 1) " ((625/2)-1) - 625H J 1 


Let H - 1 = x 2 


H - 0.5 = y 2 


H = x 2 + I 


H = y 2 + 0.5 


dH = 2xdx 


dH = 2ydy 


(-3.00) I0' 5 t = 


1(625 
^ 2 


x 2x dx _ 

-lj-625(x 2 + l) 


J (f-l)-625 (y 2 + 0.5) 

IT* 2.02 xTo 3 ! 

I 


32.12 


I 


II 


*1 

10 gph % 

x 2 

10 gph 

100 gal 

(x 1 /100)' 

100 gal 

x 2 /100 


Let xt, X 2 be the number of lb of A in tank ( or ll at any time t respectively 
A. Balance in tank 1. 
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when t = 0 , X 2 = 10» and C = 10 
X 2 “ e -0 * 3 (10 + 3) - 9.64 lb 
Cone, of A in tank II = [0.0964 lb/gal] 


32.13 

Assuming p to be constant, the material balance is as follows: Accumulation = 
inflow - outflow 

dV 

■^ = Q i - Q o 
= 2 -0,01V 


^Lo -- 5 


dt 


|V increases! 


f 100 - i -- jdt 

J50 2 - 0 . 01 V * 

- 777 ln(V-200C = l^ln(“) = -001t 


0.01 


t =-100 


rioo 

v 


^U|4o: 

150^ — 


6 mini 


32.14 

Let x = mg of fission product in the tank at any time t; when t = 0, x - (10) (3.785) 
(10,000)-3.785 x 105 mg 

Rate of change = Rate in - Rate out - Rate decay 
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f - (I0X3.7S5XI00)- 100 ( 75 ^) - 0.01* 


? 3785 - 0.02x 
r dx 


3785-0.02x 


|J* 

= f dt = 24 


I 


ln(3785-0.02x)J. 


.735x10' 


= 24 


0.02 
x - 306,000 mg 

cone, in the tank at the end of the first 24 hr = 
30,6 mg/gal -> [8.1 mg / liter] 

— = -O. 0 lx 
dl 

fx dx p24 

I — = - 0.01 fdt 

J306.000 x A> 

x = 30,600 « 241,000 mg 


Cone - ■ 


241,000 


■ = |6.4 mg/liter] 


(10,000X3.785) 

The maximum cone, in the tank is [10 mg/liter] 
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32.15 

Basis: 1 day of operation 1440 min 

Sr 92 balance: 

Let x = kg Sr 92 in tank per kg H 2 O at time t 
Accumulation “In - Out - Decay 


1.5 x 10" 3 | 

1.0x10’ kg H,0 

1500 kg Sr 92 

Atmin 

min | 

l 

10 6 kg H 2 0 



1 .5x 10 5 m 3 

1.0xio 5 kg H,0 

x kg Sr 92 

At min 

min 

m a 

kg H 2 0 



0.693 

I 1 hr 

lx kg Sr 92 

2.7 

160 min 

kg H.O 


— = (2.25)10 -3 -l.5(x)-4.28 10" 5 (x) 
dt. 

Integrating between t = 0 and t = 1440 min, 
x= |l.SxlQ 3 kg Sr” /kgH ; Q| 

Y 92 balance: 

Let y = lb Y 92 in tank per lb H 2 O at time t 
J = ( 4 . 28 ) 10 ' 3 (x)- . from which 
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y-[4.28x 10 6 kg V 9 ~ / kg H->0| 

Zr 92 balance: 

Let z = lb Zr 92 in tank per lb II 2 O at time t 
dz 0.693 


dt (3.5X60) 


y -1.5 z, from which 


z-|9.39xlp" kgZr 92 / kg H.Ol 


32.16 

Assume isothermal process 
Let x = (m 3 ) in the tank at time t 

V = (m 3 )/min entering and leaving the tank 
Material balance on O 2 in terms of (m 3 ) at T, 1 atm 


0.2 l(m 3 ' 

v(m 3 ) air 

At min 

(m 3 ) air 

min 



x(m 3 )o 2 

v(m 3 )gas 

At 

3 (m 3 ) gas 

min 



Accumulation 

=x ( m3 li, -*( m l 


j; 


■*t+At 

dx 


0 (0.21 — x / 3) 


l> - i™) 


-3 I n 


(0.21 - x/3) 


0 . 2 ! - 1 


(continued) 
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x = 0.75 (m 3 ) 


concentration - 


9.7S(m 3 ) 

3(m 3 ) 


0.25 


or concentration = 


32.17 


Basis: 1 mo! QHn 



c 5 h )2 = i-c 4 h 8 


c 6 h 12 = i-c 2 h 4 

S^-k(c.h„) 



C S H„ =e' 


32.18 


h l 

r > t^r 

1000 (ft) 3 



500 (ftp 


T « 70°F 

Let pi, n\ - pressure and number of moles of N 2 in the large tank at any time t 
P 2 > H 2 “ the corresponding values in the small tank. 


Then, dn 2 /dt = K (pi - p 2 > 
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Initially pi * 700, p 2 = 0; dn 2 /dt = 0.2 kg mol/hr 
0.2 = K (700 - 0) or 2.857 x 1<H kg moi/(hr)(kPa) 
Initially, no. of moles is 


30 m 3 

700 kPal 

273 K 

22.4 m 3 

101.3 kPal 

I293 k 

kg mol 


- 8.62 kg mol 


Assume ideal gas law holds. 
pV = nRT 

P. « 


8.31 (kPa){m’ 

1293 K 

| n ) 

(KXkg mol) 

130 m 3 


831 (kPaXm 3 

J293 K| 

JU 

(KXkg mol) 

j 15 m 3 l 



* 81.2 n, 


U] +nj — 8.62 

= 2.857x 10^(700 - 81.2 n 2 ) 

Final moles in tank 2 will be (1 S/30+15) (8.62) = 2.87 hence 
1/2 (2.87) =1.44. 

ft.44-d£j-= 2.857x10^ fdt t=127.5 hr! 

« 700- 81.2 n 2 * 
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32.19 

Initial conditions: at t = 0, Ca = Cao and Cb = Cc - 0 


^ = -k,C A 
dt 1 A 

(i) 

^a=-k,c A -k 2 c B 

(2) 

^ = -kjCB 

(3) 


From Eq. (1), 


dC A 

C A 


= -k,l; 



= -k,|dt, or 



C - c 

^ A ^At 


(4) 


dt 


" k*C A "" M-B = kiC A0 


e 


-k,t 


k 2 C B 


^ + k 2 C B = k,C A0 e' k| ' 


(5) 


which is the first-order linear differential equation of the form dy/dx + Py - Q. By 
multiplying through with the integrating factor e^ > the solution is 

ye Jpdx - jQe^* dx + constant 
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Applying this general procedure to the integration of Eq. (5), we find that the integrating 
factor is e k?t . The constant of integration is found to be -k\ C A <y (k 2 -k i) from the 
initial condition Cbo - 0 at t - 0, and the final expression for the variation in 
concentration of B is 


C B= C AO k 


f e~ k>t 
A k 2 k i 



If kj is much larger than k 2 , then 
C b = C A0 e- k2 ' 


( 6 ) 


(7) 


In other words, the concentration of B is determined by k 2 . Noting that for the constant- 
volume system there is no net change in total number of moles, we find the material 
balance at any time to be 

C AO =C A +C B +C c 


which with Eqs. (4) and (5) gives 


Cr “Ca 


ki-k 2 


-kit 


k 2 - k, 



( 8 ) 


32.20 


A—»B 
B—»A 
A-^->C 


(continued) 
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dC A 

dt 

dt 

dC^ 

dt 


““^C* + klC B -k 3 C A {^2 +k 3X^A + kiC B 


“ k 2^A “kl C B 




Initial conditions: at t - 0, Ca - Cao and Cg - Cc = 0. 
To solve Hqs. (1) - (3) use matrix operations 

o=M kj+tc ^ k, l 

L k . - k J 


C t = [C a> C b ] C(0 )T-[C ao> 0] 


(1) 

( 2 ) 
(3) 


To find the eigenvalues of Q we set 

|Q - u|= \ {ki \^ yx _£j| = fe+kj+xJOc, +x)-k 2 k,=o 


The roots are 


. _ -a+Va 2 -4k 2 k 3 
1 2 

„ -a-^a 2 -4k 2 k 3 

2 ' 2 

where: a ® (kj + k 2 + k 3 ). Consequently the solution to the set of Eqs. (1) and (2) is: 


Solutions Chapter 32 


vf e i 


[ C A»C B ]= - [-CaO^I + k 3 + ^ 2 ) 1 C A O k l]“ 2 H'Aofcl + k 3 + * C A< 

X e Xjl 

> k i] 

where: d= Aj -A 2 . Finally, 


c — Caq Rk,+k 3 ++(k, + k }+ x,y='] 

V(k 1+ k 2+ k 3 y-4k 2 k 3 L J 

(4) 

C B — --p'* e' u - , l 

^(k 1 +k 2 + k 3 ) -4k 2 k 3 

(5) 

Cc " 111 I (ki + k 3 +X 2 ) +(k 1 + k 3 4X.j) 

y(k 1 + k 2 + k 3 )r-4k 2 k 3 L 

e Xjl l 

x rj 

(6) 
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32.21 



lankA: 

(1) FC c -FC a = V^A 

(2) FC a -FC b =V-^E 

(3) FC B - FC c = 


F[=]~- = 50 
min 

V(=] gal =1000 

*■£ 

F-50 50 01 

58 - 5 g 48 J 


Y T =[C A ,C B ,C f; ], Y T (0)=[3, 0, 3] 

f-50-A 50 0 1 

A - XI = | 0 -50 -X 50 | = 0 

L 50 0 -50- l\ 

0 = —(50 + A) 3 +(50) 3 

0 = (50) 3 - 3(50/ X -15(U : -i 3 + (50) 3 
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0= Y[3(50) J + (150 )A 2 - yl 3 + (50 J 3 ] 

I 

roots: A] = 0 

| 

-150 ±^22,500-30,000 

*2,3 “ 2 


when t = 0, C A V = 3000 lb, C c V = 3000, Cy V = 0 


t A - ?, C A V = 2100 lb; tc = ?, CcV =2100 lb; t B = ?, 


C B V = 1900 lb. 


Solve the equations to eet tA = 22.8 min. tr- = 128.2 min L 


t B “ 24.4 min 


32.22 


Energy balance around the tank: 


^=-*M 

r 

0 ) 

Energy' balance around the heat exchangers: 


dEu dU u /* \ 

0 = — 11 = — 11 = -A(HmV Q 
dt dt \ ^ 

(2) 

We have assumed that the residence time of the liquid in the heat exchanger is very small 
and that kinetic and potential energy contributions are negligible. From Eqns. 1 and 2 we 
obtain 

™1 = -Q 

dt v 

(3) 


1 

(continued) j 
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Subscripts T and H refer to the tank and the heat exchanger, respectively. 
Because the liquid is approximately incompressible, C p = C v . Then, dUr “ 
mC v dT = mC p dT. Furthermore, the rate of heat addition to the liquid Q is given by Q * 
UoA 0 (T-180°). The notation used here is the same as the one introduced in Problem 
7.24. Hence, Bq. 3 becomes 


mC p ^ = -UA(T- 180 ) 


+ HA j _ | a 
dt mC mC„ 


Eq. 5 is a first-order linear differential equation. Its solution is 


T exp 


fuAl T , I80 UA 

V mC .) mC 


(4) 

(5) 

( 6 ) 


From the initial condition, T = 60°F at t - 0, the value of the constant is this: 
constant = -120°F. From Eq. 6, the expression for t is 


U 0 A 0 M 80-120' 

For the data given, 

t= i!MM ln (_i22_).P37S15| 

(40X300) M go -120^ - 


(7) 


32.23 


a. We shall make the following assumptions: 

1. Steam temperature remains constant in coil. 


Solutions Chapter 32 


2. Heat capacity of suspension does not change very much with change in 
temperature. 

3. Agitator maintains uniform temperature throughout. 

4. Heat-transfer coefficient is independent of position and time. 

5. The walls of the tank are adiabatic. 

The unsteady-state macroscopic energy balance 


rr. 


1 (?) 


— E m = -A|[ U +pV+- -jz? + P|m | + Q+ W,where 


2 (v) 


1 


^AU lc ,=-A(dHm)tQ 


(I) 


because the kinetic and potential energy in the accumulation term and the work term W 
as well as the kinetic and potential energy terms may be neglected. 

AU (0 , = WC V (T -T 0 )“ wC p (T -T 0 ). Furthermore, the rate of heat addition to the 

system Q is given by Q = UA(T S - T). Hence Eq. (1) becomes 


= UA(T, - T)- mC p (T - T„) 


( 2 ) 


Multiplying through by l/mC p (T ( - T 0 ), Eq. (2) becomes 

: P CT,-T.) dt mC p (T,-T 0 )' T ’ l} It.-tJ 


mC p 


(continued) 
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w d 

(f^j 

l = —f 


I=L.l 

m dt 

U.-T.J 

1 i»C,l 

t s -t j 

T.-V 


(3) 


Introducing the dimensionless variables 


A T-T„ m 

n = I, 
- T 0 w 


d<P 


B = 


UA 

mC n 


Eq. (3) becomes, — = B(l -<*>)-</>, or 
dn 

~ + <P(1 + B) = B 
an 

which is a first-order linear differential equation of the form 
& + Py = 


(4) 


dx 


Py=Q 


The solution to this equation is 

ye J Pd * =. Qe^ Pdx dx + constant 

Applying this principle to Eq. (4), we find that the integrating factor is e (I+B)n . 
The constant of integration is found to be -B/(RB) from the boundary condition n = 0, 
d> = 0. The final expression for <D, the reduced temperature is 


the expression for n as a function of B and O is, 

. ( i ). r b i 

^•1+B' n [B-a>(l+B)J 


(5) 
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Numerical calculation: 

T = 180°F; T 0 = 120°F; T S = 220°F; A = 23.9 ft 2 ; w= 6000 lb; 
0 = 100 Btu/(hr)(ft 2 )(°F); m = 1200 Ib/hr; C p = 1.0 Btu/(lb)(°F). 


^ 180-120 _ 

<2> --- 0.60 

220-120 


(109X23.9) = 

(1200X1.0) > 

From Eq. (5) we find that n - 0,777. 
m 1200 - 1 


If heat-transfer area is doubled, n = 0.28. thus, 


t = 1140 hrl 

Then, the greater the area available for heat transfer, the greater the amount of heat 
transferred to the suspension, and consequently, the less the time required for the effluent 
temperature to reach a given value. 


32.24 

We shall use the same nomenclature used in problem 7.23. The following assumptions 
are made: 

1. Steam temperature remains constant in coil. 

2. Density and heat capacity of water do not change very much with change in 
temperature. 

3. Because the fluid is approximately incompressible. 

C = C 


4. Agitator maintains uniform temperature throughout. 


(continued) 
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5. Heat-transfer coefficient is independent of position and time. 

6. The walls of the tank are adiabatic. 

We choose the fluid within the tank as our system. Kinetic and potential energy 
may be neglected in this position. Since the work team is zero and there is no outlet 
stream, m 2 * 0. Hence, for this system the energy balance reduces to 

|u iol =raH l+ Q (1) 

which states that the internal energy of the system is increasing because of the addition of 
fluid with enthalpy Hi and because of the addition of heat Q through the steam coil. 

In view of the fact that and Hi cannot be given absolutely, we now select the 

inlet temperature T 0 as the thermal datum plane. Then H { =0 and U tcrt = pC p V(T- T 0 ) 
2 pC p V(T - T 0 ). Furthermore, the rate of heat addition to the system Q is given by 
Q - UA(T S -T). Hence Eq. 1 becomes 

pC,^V(T-T,)-UA(T,-T) (2) 

Now the instantaneous area and volume are simply related to the total available 
area and volume according to the relations 

v(t)= H. A{0 =^A o (3,4) 

where pV o / m = t Q is the time required to fill the tank. Substitution of these expressions 
in Eq. 2 gives 

m A» t ^r^ + C p n>(T-T # )=UA 0 ^(T 5 -T) (5) 

which is to be solved with the initial condition that at t« 0, T « T 0 . _ 


Solutions Chapter 32 


The following reduced variables are introduced now; 
T-T„ 


T« -T. 


= reduced temperature 


t mt , , . 

n =— = — = reduced time 
t. pv. 


( 6 ) 

(7) 


In order to rewrite Eq. 5 in terms of the foregoing dimensionless variables, the 
entire equation is multiplied through by [l / mC p (T, - T 0 )j to obtain 


Bn(l-iJ))=i(i + n—^ 
dn 


(9) 


in which B = UA 0 / mC p is a dimensionless group appearing in the differential equation. 
The equation may be further simplified by noting that if the last term is multiplied by B/B 
then the reduced time variable always appears in the combination Bn, which combination 
is designated by a. Thus, 


£ + ( i+ £)* = 


<j> = 0 at a - 0 


( 10 ) 


01 ) 


is the final analytical statement of the problem. Eq. 10 Is a first-order linear differential 
equation. Its solution is 


i>=i- 


-exp (~a) 


( 12 ) 

(continued) 
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where the constant of integration has been determined from the initial condition (11). 
Finally, the temperature of the liquid in the tank, when it has been filled, is given by Eq. 
12 when n - 1 (or a - B); in terms of the original variables, this result is 


T r -T 0 1-exp (-UA n /mC p ) 
T.-T. = '~ (UA./mC,) 


(13) 


For the data given in the problem. 


B = = 2.74. For this value, Eq. (13) gives (T f - T„)/ 


(T, - T„) = 0.659, whence Tf - ll55.5°~F l . 

When the tank is half full, n - 1/2, a = a / 2. Thus 



1-0.254 , 

-= 0.455, whence 

1.37 


Tf= ll29.0*Fl 


32.25 

a. If heat losses from the top and the bottom of the tank are neglected, the resulting 
energy balance is 


p vc p ~ = 0 a(t s -t) 

CD 

f-SL -=f-^d t 

jr .T,-T A pVC p 

(2) 
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a, 

Numerical Calculations: 


UA (40X25.)., =ftM3t , r , Sjnce 

pC p V (62.4X1.0X12571/4) 


T s - 230°F, T - 170°F, and T 0 = 70°F, the time necessary to raise the temperature of the 

tank contents to 170°F is given by Eq. 3. Thus, 


t = |1.91 hr| 


b. If the heat losses from the top and the bottom of the tank are taken into account, 

the energy balance for the system is, 


pVc£ = UA(T,-T)+UA(T.,-T) 

(4) 

where L) e * overall heat transfer coefficient for both the top and the bottom of the tank, j 

If we let a = UA + U 0 A 0 and K “ UAT S + l)oA 0 T fl jr, Eq. 4 becomes 

1 

pVC,dT K T 
a dt a 

(5) 

and when integrated we obtain the following equation: 


. ( K-aT^ a 

^ vK-aT 0 J - pVC p ‘ 

(6) 

For the data given in this problem, 


a =(40(25it)+(10X25n/2)= 3540 Btu/(hrX°F) 

K = (40X25tiX 230)+ (!0X25n / 2X70) = 7.50 x 10 s Btu/hr. 


Thus, t = [2.10hrl 


























SOLUTIONS TO THOUGHT PROBLEMS 


Section 1*1 

This is a fuzzy problem because many volume units called barrel exist: 

British dry = 36 gal 
Cranberry - 5826 in 3 
Oil = 42 gal 
US dry - 105 quarts 
US liquid = 31.5 gal 

Section 1.3 

a. Gravity is not a force, it is an acceleration. Weight is a force. 

b. In SI a person has mass in kg but weight in Newton's even though common usage may 
use kg for weight. 

c. Use of such a conversion factor implies that a relation exists between g and °C, which 
does not exist. It is ok to write: 1.00 g water/1.00 cm 3 water, because a relation between 
water and cm 3 water does exist. 

Not really, because kg is not a unit of force; kgr is commonly used nevertheless. 

Section 1.4 

No. You can only determine that the equation has consistent terms. 

The units are wrong. 


Section 1,5 

(a) Yes; (b) Not if measured with an error of 1/8 inch, but ok if 6 5/8 is exact. 

No, because it is an exact number. The answer is good to three significant figures. 
You know that lOOmL can be measured easily to 3 or 4 significant figures. 


Section 2.1 


1. If the question refers to mass, the answer is yes. If the answer refers to any other 
measure, such as moles, the answer is no. 

2. The question is: are the holes entities? The answer is yes. 

Section 2.2 

1. Would not sink because the overall density of the ship including the oil is less than that 
of sea water. 

2. The density of hot water is less than that of cold water hence the container might not hold 
a gallon of hot water whereas it would hold a gallon of cold water or milk. 

3. The density of gasoline is 0.81 and that of pentane 0.69. On more than one occasion 
tanks have overflowed because the contents were replaced by a liquid of lower specific 
gravity. The operators did not realize that the level indicator measured weight, not 
volume. 


Section 23 

1. Most organic bromides or iodides can be dissolved in a suitable organic solvent and 
yield a solution with the proper specific gravity to discriminate between the jades and arbite, 
serpentine, and other imitators of jade. For example, methylene iodide (sp. gr. = 5.7) is a 
liquid at room temperature and can be blended with ethanol to give a harm- less liquid of 
the desired specific gravity. 


Chapter 3 

Follow the regulations of the U.S. Department of Agriculture which has proposed a strict 
permit system that, through tamper-proof computerized controls, assures that elevator 
operators adhere to Agriculture Department standards. Alternatively, grain could be 
priced at its dry weight on an industry wide basis (which is not currently done). 


1. 








Chapter 4 

1. The temperature probably is just a conversion from 2700°F, hence the answer is 2. 

2. Examine Figure 4.2 for suggestions. 

3. The thermocouple well was set only one inch into a 48 inch pipeline. When it rained, the 
exterior of the pipeline, and the thermocouple, would cool, causing a furnace to heat the 
residual going into the pipeline, excessively as it turned out. 

Section 5.1 

1. What counts is pressure, not force. On a floor the contact area with your body is small, 
so the pressure at the contact points is larger than experienced on a sofa. 

2. When the water rushes through the tube its inertia is sufficient to carry it above bend B 
and start the siphon working. 


Section 5.2 

1. The essential point is that the covering paper can bulge out a bit so that the air pressure 
inside the glass is lowered. The pressure difference keeps the water in place. The water 
in the glass is compressed by the air. A glass plate on top of the completely filled glass 
is acted upon by the external air pressure and an equally large force from the compressed 
water on the other side. Thus, there is no pressure difference to support the weight of the 
water in the glass. 

2. The tank, like most such tanks, was designed for a vacuum of 2 Vi inches water gauge 
only (0.1 psi or 0.6 kPa), and would collapse at a vacuum of about 6 inches water gauge 
(0.2 psi or L5 kPa). 

If the tank had been filled instead of emptied it might have burst because it was designed 
to withstand a pressure of only 8 inches water gauge (0.3 psi or 2 kPa) and would burst at 
about three times this pressure. Whether it burst or not would have depended on the 
depth of water above the end of the hose. 

3. The answer surprisingly is yes! Such pressures exist all around us-the pressure of sap in 
trees often gets as low as -2 MPa. Pressures as low as -20 MPa have been obtained in 
water in the laboratory. 


When discussing pressure in gases, we often define the pressure as “the sum of impulses 
transferred to the wall of a container per unit time and area”. By this definition, pressures 
lower than a vacuum could not be produced. For pressures to be lower than a vacuum, 
our molecular interpretation would have to include attractive forces between the 
molecules of the fluid and the walls of the container. Such forces are typical of liquids 
but not of gases. 

Attractive and repulsive forces between molecules correspond well to the macroscopic 
concepts of tension and compression. If we consider material with normal stresses lower 
than the pressure of a vacuum to be under tension and compression. If we consider 
material with normal stresses lower than the pressure of a vacuum to be under tension 
and material with normal stresses higher than the pressure of a vacuum to be under 
compression, then one way to distinguish liquids from gases is that liquids are fluids that 
can sustain compression or tension and gases are fluids that can sustain only 
compression. A lucid description of osmotic pressure is presented by Hammel and 
Scholander (H.T. Hammel and P.F. Scholander, Osmosis and Tensile Solvent (Springer 
Verlag, Berlin, 1967), pp. 1-73.) 

4. During the fall, the force on the water exerted by gravity drops to zero. 

Section 6.1 

1. Energy, linear momentum, angular momentum, electric charge are some. 

2. No, The totals of the withdrawals are valid outputs but the totals of the amount left arc 
meaningless. 

Section 6.3 

1. By the conservation of mass in the closed system, the answer is d. 

2. A pipe connected to system at the desired level (to retain some liquid) connected to an 
orifice operating in parallel with the controller will allow liquid to pass if the controller 
ceases to separate. 

Section 6,4 

1. The frozen orange juice was not completely removed from the tank truck on discharge, 
and this residual was dumped into the lake on cleaning the tank on return to Florida. 






Section 7,2 


The material balances are: 


(1) 0.10(10)+ 0.30(6) 

(2) 0.90(10)+ 0,50(6) 

(3) 0.0(10) +0.20(6) 

(4) 1 


- 0.175(16) checks, and does not contain unknowns 

- wf(l6) is uncoupled 

= wj(16) is uncoupled 

0.175 + <oJ 


Only two unknowns exist if you introduce equation (4) into (l) - (3). The raoJk of the 
coefficient matrix of (2), (3), and (4) is 2, hence the problem has a unique solution. 


Chapter 8 

You can detect counterfeit gold or silver by weighing and measuring a coin or bar against 
the issuing mint’s specifications. Modem counterfeiters may have mastered the 
appearance of their fakes but the principle of density—the ratio of mass to volume—has 
not changed. Gold has a greater density than the common metals such as lead, brass, 
copper and steel. This means that it is impossible to make a common metal fake identical 
to a genuine coin in both weight and size from these metals. 


References 

sold 

Silver 

copper lead 

iron 

nickel 


zinc 

Perry 

19.30 

10.49 

8.93 

11.33 

7.86 

8.90 

7.135 

CRC 

18.88 

10.50 

8.96 

11.35 

7.87 

8.90 

7.133 

S&E 

of materials 
(Askeland) 

19.30 

10.49 

8.93 

11.36 

7.87 

8.90 

7.133 

Himmelblau 


- 

8.92 

11,34 

7.70 

8.90 

7.140 


Silver can be imitated, but if made of a lead/tin alloy it would be too soft Use 79.1 % Pb, 
20.9% Sn. 


If the ash in the sludge is identical to the ash in the residual ash, then on the basis of 100 
kg of sludge: 


671b ash 1 

100kg residualashj 

184mgofCd 

IQOkgsludgtj 

1 871b ash I 

Ikgresidualash 


This number can be compared with 169 kg in the sludge so that 169 - 142 = 27 mg, 
(16%) is lost up the stack if the assumptions made hold. 

Similarly for Pb, compare 307 mg with 412 mg in the sludge, and for Zn compare 1496 
mg with1554 mg. Not all of the heavy metals end up in the residual ash. 

Section 9.1 

1. The residual material on the metal surface reacted with oxygen and reduced the oxygen 
content of the residual air. 

2. One gallon of crude oil at room temperature is about 3000g or 6 to 30 g mol of oil that 
requires for complete combustion 3 to 15 g mol O 2 . The seawater with 10 ppm O 2 
contains in 3x10 s gal about 35 g mol O 2 which agrees roughly with the statement in the 
article. 

3. Calculation shows the statement to be wrong. If the average car gets 25 miles per gallon, 
26,000 miles corresponds to an output of about 11 tons of carbon dioxide. It has been 
estimated that a young apple tree produces about 44 lb of sugar per growing season, 
which is equivalent to an uptake of about 66 lb of carbon dioxide. Thus even 100 young 
apple trees would not remove the carbon dioxide produced annually by an average car 
until the trees had grown to more than twice their size when planted. 

Section 9.2 

1. A gas was in the black cylinder and reacted with the material in the facepiece. 

Section 10 3 

1. A service engineer from the manufacturer was called to test the combustion controls and 
found that the flue gas contained no excess oxygen and approximately 4% combustible 
gas.The ratio of combustion air to fuel was increased until the flue gas contained zero 
percent combustible gas and then the steam flow increased to the full 120,000 lb per hour 
capacity. In determining the cause of the combustion control malfunction, it was found 
that moisture from the products of combustion had condensed in the piping to the 
combustion air flow controller causing erroneous action. To eliminate this problem, an 
oxygen and combustible recorder was installed and a regular maintenance contract was 











set up with the combustion control manufacturer. The installed cost of the new control 
equipment was $95,000 vs. a loss of $54,900 in fuel in the two months. 

2. Fossil fuels contain more carbon than hydrogen. This is especially so for coal (over 95% 
of our fossil-fuel supply). 

We prefer gaseous and liquid rather than solid fuels. So, there has been much effort to 
develop processes that convert coal, or waste materials, to gaseous and liquid forms as 
supplements to natural gas and petroleum. In all these processes, the main technical 
consideration has been to lower the carbon-to-hydrogen ration, by adding hydrogen. 

Superficially, it might seem that this increase in the relative amount of hydrogen in the 
fuel would lessen CO 2 emissions. But that is not the case, because the production of the 
hydrogen itself inevitably consumes more energy (derived from carbon-containing fuel) 
than is subsequently regained when the hydrogen in the synthesized fuel is burned. In 
short, there is a net addition of carbon dioxide to the atmosphere. 

Gases from coal, cellulose, and other waste materials via most of the known processes 
contribute 10 to 200 percent more carbon dioxide than would pure carbon for the same 
heat availability. The story is analogous with respect to ethanol as an alternative 
automotive fuel: In the absence of free ethanol, any process to manufacture that alcohol 
would give off at least twice as much CO 2 as would the use of gasoline, instead of 
ethanol, in the vehicle. It is true that using ethanol in automobiles gives off less carbon 
monoxide, but this is perhaps overshadowed by the danger posed by CO 2 . 

Another point should be made, Analysis shows that all of the synthetic fuels are 
intrinsically less efficient (based on actual heating value vs. that theoretically obtainable 
from the fuel's constituents in elemental form) than the fuel forms as they occur in 
nature. 


Chapter 11 

1. (1) Select a system with the smallest number of unknowns. (2) Select a system for which 

the data is the most accurate (3) select a system at the beginning of a sequence (or at the 
end). 


Section 12.2 


1. To protect the pump, a minimum-flow line (line with an orifice) normally is created 
leading from the pump's main discharge line back to the suction tank. 

Section 13.1 

1. The loss of free oxygen is more or less compensated for by reaction products such as CO 
and CO 2 (and also H 2 O which, however, condenses). The important observation is that 
the water level inside the glass does not rise gradually. As the gas inside the glass is 
heated by the candle, the gas pressure increases and gas leaks out. (Some hot air is also 
caught in the glass as it is lowered towards the candle.) When the candle goes out, the 
gas cools off rapidly, its pressure decreases, so that water is forced into the glass. 

2. In fact, this statement is wrong, and is wrong regardless of how one interprets the word 
“empty". If empty means evacuated or containing helium at one atmosphere pressure, 
then it is obviously untrue. One the other hand, if empty means containing air at one 
atmosphere then it is still untrue, although only slightly. The can has a volume of about 
43 cubic inches and when full is said to contain 0.21 cubic feet of helium, the air inside 
would still weigh a bit less than the compressed helium. 

Two possibilities for this error suggest themselves. One, the author of the statement 
neglected to carry out the computation, and just guessed (wrongly) that the compressed 
helium would have a mass less than the same can full of air at atmospheric pressure. 
Another explanation possible is that the author misunderstood the nature of buoyancy, 
and fell into the trap of thinking that since “helium rises,” it will exert an upward 
(buoyant) force from inside the can and cause it to feel lighter than if the can contained 
air or even a vacuum, 

3. Either p, V. n, or T would have to be rescaled, and the rescaled variables would not be 
compatible with the underlying definitions of the variables as used in other calculations. 
For example, T could be rescaled as T* - 8.314T if the usual R - 8.314 J/(g mol) (K) was 
revised to a value of R equal 1 J/(g moi) (K). 

4. No. The change in bouyance caused by the decrease in volume has to be taken into 
account. The small values displaces less air, and this volume is equivalent to the volume 
of escaped air. No weight loss should be observed. 







Chapter 14 


Rust had jammed the valve so that it could not be fully closed. C1 2 at high pressure 
leaked through the valve when the regulator was removed. Apparently the regulator was 
defective and did not show the C1 2 pressure. 

Yes. The initial pressure is 1 atm. If the liquid expands by 1%, the gas volume is 
composed to 0.04L. The pressure rise of the gas bubble (assuming ideal gas) is 100 atm. 
Something on a normal piping system will blow. 

Yes. 

At the bottom of the well the pressure is 1400 psi (9600 kPa) and the temperature reaches 
530°F (277°C). Oxidation takes place without boiling which would make it very difficult 
to clarify the effluent after oxidation. Also, the oxygen concentration in the water is 
much higher at 1400 psia. 


Chapter 15 

The main reason for the higher temperature is that Venus is closer to the sun than the 
earth. Venus receives more energy per unit area per unit time. The cause of the high 
pressure is not understood. The high temperature might cause an increase about 2.5 in 
the pressure, and the C0 2 vs. air might be another factor of 1.5. However, the gravity of 
Venus is about 0.8 that of earth. The net effect of the three factors would be only 2.5 x 
1.5 x 0.8 = 3. The actual state on Venus requires a molar specific volume of about lL/g 
mol vs. 30L/g mol on earth. 

The advantage is that the proteins are not exposed to organic solvents, heat, or oxygen, 
and retain their biological activity. Also, inasmuch as the process is supercritical, the 
solubility of the proteins in, say CO 2 , is good, and the disposal of the solvent is easy. 

Section 16,1 

At 144°C the liquid butadiene would have expanded to fill the tank, but tests showed that 
the tank would expand enough so that it would not rupture at 160°C. Further tests 
showed that a dimerization of butadiene to vinyl cyclohexene (an exothermic reaction 
initiated at 100°C) would produce a rapid rise in temperature to over 500°C, hence the 
pressure exceeded the bursting pressure of the tank. 


2. Vaporize the liquid through a valve. Look at the CO 2 chart in Appendix J. Proceed 
downward from saturated liquid at 60°F (and high pressure) to l atm. A mixture of solid 
and vapor exists at low temperature. 

3. The process is technically feasible (but not economically reasonable) by compressing the 
vapor above the critical point of water, producing a fluid, and then reducing the pressure. 
Refer to the SI diagram for water in the foldout in the back of the book. 

Section 17.1 

1. In combustion calculations we estimate the quantity of dry air required to bum a given 
amount of fuel. In reality, the atmospheric air is never diy; it consists of some moisture, 
depending on the relative humidity and dry bulb temperature. To compute the partial 
pressure of water vapor in the flue gas, which is required for calculating nonluminous 
heat transfer, we need to know the total quantity of water vapor in flue gases, a part of 
which comes from the combustion air. Also, when atmospheric air is compressed, the 
saturation vapor pressure of water increases, and if the air is cooled below the 
corresponding water dew point, water can condense. The amount of moisture in the air 
or gas fixes the water dew point, so it is important to know the amount of water vapor in 
the air or flue gas. 

Section 17,2 

1. The probe can work well in a dilution range from 2 to 1 to 20 to l. The effect of 

fluctuations of the stack pressure can be less than 6%. A glass wool plug should be used 
to filter out particulates. Because of error involved in the dilution, the error in gas 
analysis is magnified. 

Section 17,3 

1. The gasoline dissolved in the water in the tank to its equilibrium concentration, but the 
equilibrium concentration when in contact with air is quite different—much lower—than 
in water, hence when in the sewer, gasoline left the water as a vapor and a spark started a 
fire. 

2. The cold liquid condensed the stem in the tank, and the pressure in the tank svas lowered 
so rapidly that the air flow through the vent was not enough to prevent a partial vacuum 
from forming in the tank sufficient to collapse it. 






Section 18.1 


Possible causes are: 

1. Diffusion and convection of air (oxygen) could take place through the open manhole 
during lunch. 

2. Some of the CS 2 vapor might condense allowing air to pass into the tank. 

3. N 2 and CS 2 might cool and allow air 10 flow in. 

The National Transportation Safety Board determined that the probable cause of the 
initial and subsequent explosions was the ignition of benzene vapors which were present 
both within the open cargo tanks and on the main deck of the tankship. The 
investigative record in this case does not contain sufficient information to determine 
the ignition source of the initial explosion. The probable source of ignition of the 
subsequent explosions was the heat produced from the preceding explosions. 

As benzene cargo was discharged from the V. A. FOGG at the Phillips Petroleum 
Company and Dow Chemical Company terminals, air replaced the liquid benzene. The 
evaporation of the benzene residue which remained on the walls and bottom of the cargo 
tanks ensured a mixture of benzene vapor and air in the tanks. The lower and upper 
explosive limits of benzene vapor in air are 1.4 and 8.0 percent by volume, respectively. 

Using the estimated air and water temperatures which affected the V. A. FOGG on 
February 1, it was determined that the benzene vapor concentration in the cargo tanks 
probably ranged between 5.7 and 8.0 percent, 

Section 18.2 

If the water is continually condensed from the air by the coils in the refrigerator, there is 
good air circulation, and the water and vapor are in equilibrium on the coils, the air can 
be close to being saturated if the coils are not at a sufficiently low temperature (and may 
not be satisfactory generation). 100% saturation could result in water condensation on 
surfaces and food in the refrigerator. 

The answer to the question is satisfactory, 

mass (n)(MW) 

Density^--- 

volume V 


Density of air 


1 V 


“V'(yKp08)^(t -y H jc)(29)) 


1 


On day 1, yn 2 0 > yt^O on day 2 

On a humid day the air is less dense. The “heavy” or “muggy” feeling of the air occurs 
because of reduction of evaporation from the surface of the skin. 

Section 19.2 

1. The tanks were not blanketed with nitrogen and there was an explosive mixture of 
naphtha vapor and air above the liquid in the tanks. The source of lignition was static 
electricity. The pumping rate was rather high so that the naphtha flowing through the 
pump and lines acquired a charge. A spark passed between the liquid in the tank and the 
roof or walls of the tank, igniting the vapor-air mixture. 

There are several ways to preventing similar explosions: 

1. Use nitrogen blanketing or floating roof tanks 

2. Use anti-static additives; they increase the conductivity of the liquid so that 
charges can drain away rapidly to earth (provided equipment is grounded). 
However, make sure that the additives do not deposit on catalysts or interfere with 
chemical operations in other ways. 

3. Minimize the formation of static electricity by keeping pumping rates low (less 
than 3 m/s for pure liquids but less than 1 m/s if water is present) and avoiding 
splash filling. Filters and other restrictions should be followed by a long length of 
straight line to allow charges to decay. 

2. This dry ice jet contains solid and gaseous components. Two categories of cleaning 
exist, one for removing solid particles and one for hydrocarbons. In the former, particles 
are dislodged and removed by a combination of the gas aerodynamic drag force and 
collisions between the solid C0 2 snow and the surface particles. Collisions between the 
snow and surface particles are believed to be responsible for the snow removing particles 
of all sizes, micron and submicron. 

In the case of hydrocarbons adhered to the surface, liquid carbon dioxide forms by the 
pressure increase when the snow impacts the surface. Fortunately, the triplet point of 
CO 2 is only at four atmospheres pressure, and hydrocarbons are known to be soluble in 
the liquid. 

3. (a) The vapor pressure of a gasoline is 14.7 psia at 130'F. 

(b) The vapor pressure of a particular mixture of water and furfural is 760 mm at 99.9 *C. 









4. 


If the vapor of the fluid being loaded dries all of the air out of the tank, the only vapor 
left is the vapor of the liquid, and its vapor pressure may be less than the atmospheric 
pressure outside the tank. Coast Guard regulations require that pressure sensors be 
installed near the hose connection at the dock, and systems (vacuum breakers) be 
installed to inject inerting or diluting, or enriched, gas into the vapor space. 



Chapter 2D 

1. a. 

Improved separation. 

b. 

More economic separation (less energy used); less operating and/or capital costs 
for the process 

c. 

Safety 

2. a. 

Application of heat 

b. 

Change in pressure 

c. 

Replace with a different fluid or gas 


Section 21.1 


1. The data gives 151,000 gal/(mi) 3 . Assume land used for crops is 738 x 10 3 mi 2 . 10.7% 
would be used for ethanol production. 

2. About 3 x f 0 9 bbl otl/yr are used; 10% is 3 x JO 8 bbl. 3 x I0 8 /3.26 * 9 x 10 n tons coal. 
If 6.5 x ID 8 tons of coal are mined each year, the fraction is 14%. 

3. AlOft diameter windmill in a 20 mph wind will generate about % hp (0.5 kW) and cost 
about $6000 including a 30 ft tower. The cost of the interest at 10% and the repayment 
of the $6000, and maintenance is about $3000 per year over 5 years. You have to 
determine the hours of operation and use of the electricity, i.e. pumping water that can be 
stored vs. operation of lights. Most likely your father will have to connect to the utility. 

Section 21.2-1 

1. Yes, but not for ever (See Nature, Vol. 364, 15 July, 1993, p. 195). 

2. The power transmitted by the drive shaft of the car can be measured when torque is 
applied and the shaft rotations per unit time counted: W = 2?mT, where W is the 
power, n is the number of rotations/min, and T is the torque (F) x (r). ri is easy to read 
from the car instruments, but T requires a special instrument. 


Section 21.2-2 


1. The feeling of the ‘ degree’ of heat or cold when our bodies touch some object is 
determined by the amount of heat which is given out, or is received by our bodies in unit 
time. The thermal conductivity of metal is greater than that of wood. If the metal and the 
wood are heated to the same temperature, higher than the temperature of our bodies, the 
metal will transmit to our bodies, on contact with them, more heat in unit time than will 
the wood. And if the metal is colder than our bodies, it will take from our bodies in unit 
time more heat than wood at the same temperature will. Therefore in the first case metal 
will seem hotter than wood, and in the second case it will seem colder. Plainly, it is 
when the metal and the wood are both at the same temperature as our bodies, and when 
there is no transference of heat, that they will seem equally heated to our touch. 

2. (a) As an example, ice melts at 0°C only if the necessary amount of heat be imparted to 
it - about 330J to every gram of ice - while water will only freeze if the same amount of 
heat is taken from it. Therefore if the vessel is not heated or cooled from outside, the 
water will not freeze and the ice will not melt. A mixture of water and ice at 0° will be in 
physical equilibrium. 

(b) Fire walking illustrates the difference between temperature and heat. A temperature 
can be extremely high (900 to 1000 K perhaps for embers), but little heat is transferred to 
the feet because the heat capacity and conductivity of the embers are low, the time spent 
in contact with the embers is shoit, and after a time the temperature of the coals can drop 
considerably. 

3. After the water in the jar and the water in the pot reach equilibrium at l atm and 100°C, 
heat transfer from the stove burner occurs only to the water in the pot, hence the water in 
the jar remains at 100°C without boiling. (A little vaporization does occur so that a small 
amount of heat is transferred from the water in the pot). 

Section 21.2-4 

1. The potential energy is converted to kinetic energy (and a tittle angular energy), hence no 
violation occurs. 






Section 21.2*5 


1 Some processes are unsteady-stale batch, and the interna) energy terra in the energy 
balance then is involved. 

' Section 23,t 

1. Steps to take: 

(1) insulate tank (but see (7) below) but it may aid corrosion, hinder inspection 

(2) cover tanks with earth (same problems as (I)) 

(3) emergency depressurize systems and pipe (expensive) 

(4) liquid withdrawal/transfer system (only if very rapid - makes tank more 
vulnerable) 

(5) keep tank full so JC p dT absorbs heat transfer 

( 6 ) admit water into tank to replace vapor/liquid losses (can over pressurize, 
extensive venting) 

(7) apply water spray (must be where needed) 

2 . Steam condensate had collected on the surface of the first batch of tar, and when the hot 
tar was pumped in on top of it, the water vaporized forming a large volume of steam that 
ejected the tar out of the tank. 

Section 23.2 

1. Before they reach the ice temperature they will transfer heat to the ice at different rates, 
but after they reach the ice temperature, heat transfer will stop and the ice will no longer 
melt. 

2. You can write 


dH - dU - d (pV) = pdV + Vdp 

and show 




The term on the right hand side is not zero. (dV)/c?T)p can be evaluated from the 
coefficient of thermal expansion (1/V) (5V/5T) p ; (8U/&V)j t the internal pressure, is hard 
to find but can be calculated from the coefficient of thermal expansion; (0V/dT) p is the 
compressibility. Examples of such calculations give the following errors for [(C p - 
C V )/C V J 100 : Hg, 12.7%: CH 3 OH, 22%; C 6 H 6 , 30%; Ag, 4 %. 

3. Refer to the answer to TP22.2-2. 

4, If the gas is ideal, AH = Q is a function of temperature only so that there will be no 

difference. But if the gas is not ideal, the terms is the expression for the enthalpy 
^3*tm = (! atm) + AHj™(T,) + AHf JJJ(Tj) must be evaluated for the particular 

gas. 


Section 24.1 

1. The side in the shade in the afternoon when the demand on the air conditioning system is 

the greatest, because the air intake will be cooler than on the surtnyside. 

2. a. No 

b. No. Oversudsing consumes more energy. 

c. No. Warm room air is pulled up the chimney. 

d. Yes. The room will need to be cooled down when you return, but you’ll still save 
energy, 

e. Yes, but be sure the gas is off, too, and that the pilot light is relit before you turn the 
furnace back on. 

f. No. An average shower saves about 5 gallons of hot water compared with a bath, or 
(if daily) almost 2,000 gallons of hot water a year. 

g. No. Long-life bulbs are not energy-savers. 

h. Yes. A 40-watt fluorescent gives off 80 lumens per watt, while a 60-watt 
incandescent yields only 14,7 lumens per watt. 

i. No. The range will heat the refrigerator, 













j. Yes. Driving 55 saves about 20 percent. 

k. No. These accessories all consume energy. 


Section 24.4 

1. Liquid is sometimes transferred from one tank to another by gravity. Overfilling has 
occurred when liquid flows from a tall tank to a short one. Overflow can occur when 
liquid is transferred from one tank to another of the same height several hundred yards 
away because a slight slope in the ground is sufficient to cause tile lower tank to 
overflow. 

2. Aside from possible practical difficulties (such as the height of the tower): questions are: 

1. Will the system run as described? 

2. If so, does it constitute perpetual motion; or, if not, from what source does the energy 
come? 

3. If it would not run, point out any fallacy in the reasoning above. 

The answer to the perpetual motion problem is that the work needed to expand the 
hydrogen and oxygen is at least equal to the energy developed by the turbine; the fact that 
the water is electrolyzed does not significantly change the problem from one in which 
two pistons are moved away from one another inside a cylinder, creating a vacuum 
between them. In both cases a pressure is exerted through a volume. The machine 
will not run. Assuming that the water is of negligible volume, that W pounds of water 
are being used, that the air is of constant density P , and that the air stops at the top of the 
column whose height is H, then the energy developed by the turbine is given by WH. and 
the weight of air which must be displaced must equal the weight of the water W. If the 
volume is air is V. 

V = W, or V - W/p 

The work done in expanding the air is the volume through which the air is expanded 
times the pressure: Work - W/ P x H p - WH. 

This is the same as the work developed by the turbine. Actually, of course, the 
assumptions about the characteristics of the air are not strictly correct, but the same result 


could be obtained (with considerable more work) by finding j h _”pdV. 

3. Turn off the fuel burners and let the furnace cool to !600*F (energy used - 0 MBtu). 

Reheat from 1600’F to 2200*F in 2.6 hours (energy used - 70 MBtu). Hold at 2200 a F for 
0.5 hours (energy used = 5.1 MBtu). Total energy used =* 75.1 MBtu vs (10,2) 8 * 81.6 
MBtu by holding at 22G0*F. 

Section 25.1 

1. AH J is negative for the A1 reaction and positive foT the Cu reaction, hence heat has to be 
provided for the latter to occur. 

2. The stoichiometric ratio of the air to the fuel is so low that the mixture delivered to an 
engine designed for gasoline will not fire. In addition, much more heat transfer is 
required to vaporize the fuel. Also, the fuel injection system would have to be 
redesigned to use straight alcohol. 

Section 25.2 

1. The energy balance is 

m E (4000 J/g) = m L C L (T L -T v ) = m w AH VIJ) 

ra E /m L is about 1/4. 

2. To produce the Hj via current technology, CO 2 is released. Production of Hj by 
electrolytic decomposition of water requires 3000 Btu of fossil fuel to generate the 
necessary electricity to deliver 1000 Btu of energy via combustion of H 2 in a fuel cell. 
Steam reforming of natural gas requires 1500 Btu of fuel to do ditto. In each case CO 2 
emissions occur greater than the direct use of the fuel for heat. 

Section 25 3 

1 Dimethyle ether added to gasoline would not be safe. The vapor pressure of dimethyl 
ether at 2(fC is 5 atm whereas the vapor pressure of octane is about 10 mm Hg. Its 
practical use is nil. Problems occur in automobiles (corrosion, vaporization, etc.). On 
the other hand, miles per gallon of a fuel is the important consideration and it is not 
proportional to calorific value. The Bank of America recorded millions of miles driven 
by its fleet of hundreds of cars, and showed that methanol blends increase mileage, as 







would be expected from the much greater efficiency of methanol in an engine that, 
however, was designed to use gasoline. Performance in terms of miles per million Btu in 
the blends is better than gasoline. 


Section 25.4 

The improper design, operation, or use of thermal combustion systems may pose a threat 
to public health through emissions of potentially hazardous components of the wastes or 
their combustion byproducts. Incinerators can remove 99.99% of the hazardous waste 
occurring at concentrations > 1000 ppm in the feed, but incomplete combustion products 
indicate decomposition is not complete, and some of the intermediate products of 
combustion are also hazardous. The handling of the feed requires care as inadequate 
atomization and overfeeding leads to CO, unbumed hydrocarbon, and difficult to detect 
hazardous species. A good reference is Science , voi, 206, p. 781-795 (1979); there are 
innumerable others, Gasohol is about at the break even point. Whatever assumptions are 
made about the use of crop residues, substitution of coal for oil in the processing, etc, 
affect the conclusions. 

The diluent acts as an “energy absorber” so that for a fixed amount of heat transfer, the 
temperature of the exit products will be lower. Think of N 2 in the air. 

None. The standard heat of reaction is defined foT one mole at 25 °C that reacts 
completely. 

Gas turbine exhaust gases typically contain 14 to 16% oxygen, hence there is no need for 
additional oxygen to fuel such gas. However, if the amount of fuel (gas, oil, coal) is very 
large relative to the turbine exhaust, then additional oxygen may be needed. 

Section 26.2 

If efficiency is defined as Q/AH 0 nai T each of the quantities Q and AH 0 ^ should be based 
on comparable amounts of fuel (or perhaps costs of fuel would be best?), such as unit 
mass or mole, be at the same standard state, and refer to the same ambient conditions. 
Whether the amount of excess air can be the same is uncertain, but if it is not or even if it 
is, the gaseous product composition will differ in each case, e.g., using CH 4 vs. CHj.g 
fuels. The overall heat capacities will only slightly differ, but the water vapor content 
may differ per mole of CO 2 produced. To avoid condensing the water vapor, the natural 
gas products cannot be cooled as much as fuel oil combustion products. 


2. Acetone has a much higher vapor pressure than gasoline so that adding acetone to 
gasoline, or pure acetone, would cause internal combustion engine to malfunction. Also, 
seals, tubing, etc. would be damaged. 

3. Efficiency drops more for values of the theoretical air-fuel less than 1 vs. greater than 1, 
and CO is produced in the former mode. Air pressure has little effect. Preheating the air, 
if possible at a cheap cost, helps some. Preheating the feed water also helps a bit. A high 
flue as temperature results in a much more substantial loss in efficiency. A fuel that 
has a higher H to C ratio reduces efficiency for high H to C ratios. Fouled heat transfer 
surfaces reduce efficiency a bit, 

4. The heat transfer is different because for a closed system Q = AU = AH - p(AV), and for 
an open system Q = AH. 

5. Oxygen, because the N 2 in the product of combustion with air uses up some of the 
available energy pool, 

5. Combustion of H 2 in air gives a theoretical flame temperature of 4060°F but the actual 
temperature allowing for equilibrium is more like 3800°F. Preheating the fuel and air 
which might occur would raise both of these values. 

Section 27.1 

1. The magazine said that when water was poured into the funnel it would flow for up to 12 
hours. When the author was asked about the apparatus, he admitted that the best be could 
do was have it run for a minute. The air in the spherical vessels was compressed when 
water was poured into the funnel; dissipation and friction caused the flow to stop. 

Section 27.2 

1. 20 hp is much less than 68 kW, insufficient even at 100% efficiency. 

2 . Comparisons are heavily dependent on the assumptions one makes relating to the 
performance and capacity of the electric versus the internal combustion engine (ICE) 
vehicle. Since no current electrically powered vehicle matches the cruising speed, 
acceleration, and range characteristics of competitive gasoline-powered cars, this type of 
comparison is always clouded by whatever is assumed as the minimum acceptable 
performance for the electric. If the electric car must have the power/energy capability to 
drive repetitively 54 miles between battery charges, a considerably heavier electric 








vehicle than 2800 lb is needed (more like 4000 lb is needed). A 50-mph road load power 
requirement is not a valid basis on which to size a power plant to propel highway 
vehicles. 

Efficiencies are different from the table. Reasonable values are 36% thermal efficiency 
for the power generation facility, 91% electrical transmission efficiency, 10% refinery 
energy penalty charged to gasoline manufacturing, and 46% battery efficiency (assuming 
overnight recharge). The latter figure is considerably lower than the 70% figure in the 
table. 

On this basis, the energy consumption for a currently feasible electric car used under 
city-suburban commuting conditions comes out to about 8300 Btu/mile versus 6000 
Btu/mile for the Pinto-class gasoline powered car. 


Section 27,3 

The ball levitates because as the air reaches the expansion section of the funnel, it slows 
down to fill the larger cross section, and since the air is faster above the ball than below 
it, the pressure is higher below the ball than above it. 

Figures b and c (which are not to scale). With tubes the equation to use is called 
Poiseulle’s equation. With holes, the equation is called Torricelli’s equation. With 
Poiseuille’s equation, the velocity is proportional to the pressure head. Torricelli’s 
equation states that the velocity is proportional to the square root of the pressure head, 
and indicates the maximum range for the liquid comes from a hole V% of the way up the 
cylinder whereas Poiseulle’s equation designates a tube 1/3 of the way up the cylinder. 

Section 28.1 

The heat of mixing of the compounds was exothermic and caused excess vapor to form 
and over-pressurize the storage tank. 

Evolution of heat of mixing vaporized water, and drove some of the solution out of the 
tank. 


Section 28.2 


1. The accident is an example of the heat of mixing. The tank contained water condensate. 

2. The concentrated NaOH and the weaker NaOH solutions mixed on breaking of the crust, 
releasing energy. 

Section 29.1 

1. Advertisers and even some heating engineers appear to overlook latent heat of 
vaporization. The evaporation of 10 gallons of water a day (modest for the 
humidification of most houses) requires more than 80,000 Btu equivalent to the 
consumption of about 80 cubic feet of natural gas per day. This is approximately 10 
percent of the natural gas needed to heat a modest home on an average winter day. It 
makes no difference if humidification is 

accomplished merely by placing pans of water on radiators. Unless condensation of 
water vapor releases energy to the house, it doesn’t appear as if you could save energy 
overall by turning down the thermostat 4°F. 

Section 29 3 

1 Evaporative cooling is an excellent technology for low-cost cooling and works best in 
desert areas. In a swamp, the humidity is so high that little water evaporates, and, in 
addition, the humidity of the exit air is so high that conditions are uncomfortable for 
people. 

2. (a) Salt build up in the circulating water; (b) scaling on the slats; (c) carry-out of salty 
vapor onto surrounding surfaces by the wind (drift) 

Chapter 30 

1. No. The solution method will have to be different than for continuous variables. 

2. Variables associated with any other properties such as charge (changes have to be 
balanced), electrical and magnetic properties, etc. 






Chapter 32 

1. The equations for the time to drain each tank are: 


Vertical cylinder 

^Cd A nVI 

Cone 

JT 71 tar 8h /: 

5C.A ,fg 

Horizontal cylinder 

3C.A.V6 

Sphere 

J2Kh»KD-Kh) 

** 3C.A ,Ji 

where: 

A n “ orifice area, ft 2 
g = 32.2 ft/s 2 
t = time to empty, s 

Cd *= 0.61 for sharp-edged orifice 
= 0.80 for short, flush-mounted tube 
= 0.98 for rounded orifice 


Assume the orifice coefficient is constant. Pick an orifice area, D, 0 , h y L. and Cd so that 
tanks are compatible (let h and D be the same). Then calculate t. 


2 . 


Refer to Problem No. 11 ( p. 21) of the cited publication for the detailed information for 
instructors and the solution. 










